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ABSTRACT 
 
 
Invertebrate Community Changes Along 
 
Coqui Invasion Fronts in Hawaii  
 
 
by 
 
 
Ryan T. Choi, Master of Science 
 
Utah State University, 2011 
 
 
Major Professor:  Karen H. Beard 
Program:  Ecology 
 
 
 The Puerto Rican coqui frog, Eleutherodactylus coqui, was introduced to Hawaii 
in the late 1980s via the commercial horticulture trade.  Previous research has shown that 
coquis can change invertebrate communities, but these studies were conducted at small 
scales using controlled, manipulative experiments.  The objective of this research was to 
determine whether coqui invasions change invertebrate communities at the landscape 
scale across the island of Hawaii.  At each invasion front, we measured environmental 
variability on either side of the front and removed sites that were too variable across the 
front to ensure that the impacts we measured were the result of the invasion.  After doing 
this, there remained 15 sites for which we compared invertebrate communities in 30 m x 
30 m plots situated on either side of coqui invasion fronts.  In each plot, we collected 
invertebrate samples from three invertebrate communities, the leaf litter, foliage, and 
flying invertebrate communities.  Multivariate analyses show that coqui frogs change leaf 
litter communities, by reducing microbivore and herbivore abundances.  Coqui also 
 iv 
change flying community composition, but have no measurable effect on foliage 
communities.  Across sites, we found that coquis reduced the number of leaf litter 
invertebrates by 27%, and specifically abundant Acari by 36%.  We also found that 
coquis increased the abundance of flying Diptera by 19% across sites.  We suggest that 
the leaf litter community is altered through direct coqui predation and that Diptera 
increase because of increased frog carcasses and excrement in invaded plots.  Results 
support previous studies conducted in more controlled settings, but add to our 
understanding of the invasion by demonstrating that coqui effects on invertebrate 
communities are measurable at the landscape scale. 
(103 pages) 
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CHAPTER 1 
 
INTRODUCTION 
 
 
Invasive species have the potential to change communities where they invade.  
Invasives have been shown to change community composition by extirpating (Clavero 
and Garcia-Berthou 2005; Fritts and Rodda 1998), reducing (Lodge 1993; Porter and 
Savignano 1990; Sanders et al. 2003), and even increasing native species (Barber et al. 
2008; Cohen and Carlton 1998; Roemer et al. 2002).  However, community-level 
changes induced by some invasives can be difficult to observe, especially if the changes 
occur to invertebrate communities because of their spatial and temporal variability 
(Kerans et al. 1992), and may require measuring species diversity at specific sites over 
time (Catling et al. 1999; Krushelnycky and Gillespie 2010; Tillberg et al. 2007), 
building experimental enclosures (Greenlees et al. 2006; Sin et al. 2008), or comparing 
invaded and adjacent non-invaded areas (Human and Gordon 1997; Porter and Savignano 
1990).   
Compared to other non-native taxa, the impacts of non-native amphibians, 
especially on invertebrate communities, have only been moderately studied.  Of 183 
known globally naturalized amphibians, studies on ecological impacts have only been 
conducted on a handful of species (Kraus 2009).  Most of the studies on community-level 
impacts have focused on cane toads (Chaunus marinus), American bullfrogs (Lithobates 
catesbeianus), and African clawed frog (Xenopus laevis) (Catling et al. 1999; Greenlees 
et al. 2006; Kiesecker and Blaustein 1998).  These studies have found reductions in prey 
(Lafferty and Page 1997), reduction in predators (Phillips et al. 2003), and cascading 
effects on other species (Kiesecker and Blaustein 1998).  While there are relatively few 
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documented invasive amphibian species, like other invasives, they still have the potential 
to cause ecological change in their introduced systems.  Thus, it is important to 
investigate the impacts of non-native amphibians on communities in their invaded range.  
The Puerto Rican coqui frog (Eleutherodactylus coqui) has rapidly colonized and 
established in Hawaii (Kraus and Campbell 2002).  It is especially widespread on the 
island of Hawaii while it has been greatly controlled on the other islands (Beard et al. 
2009).  Since its introduction, it has been proposed that coqui frogs have impacts on 
invertebrate communities (Beard and Pitt 2005; Kraus et al. 1999), largely because of its 
high densities, up to 91,000 frogs/ha (Beard et al. 2008), and ability to consume up to 
690,000 prey items/ha/night (Beard et al. 2008).  Previous studies using enclosures have 
shown that coquis have the ability to change invertebrate communities in controlled, 
manipulated settings (Beard et al. 2003; Sin et al. 2008; Tuttle et al. 2009).  However, the 
implications of these highly manipulative studies at the landscape level are uncertain.  
Thus, there is still a need to determine the effects coqui have on invertebrate communities 
at the landscape scale.   
The objective of this study was to determine whether coqui invasions create 
community-level changes in invertebrate communities at the landscape scale.  While 
there are several ways to compare the impacts of invasives, we compared adjacent 
invaded and non-invaded plots at 15 sites that were determined to be invasion fronts.  We 
used this method because it allowed us to control for environmental variability and to 
observe the impacts of the invasion at sites in a variety of habitats.  Because of their 
potential to directly prey on leaf litter invertebrates, we expected the coqui to primarily 
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impact the leaf litter community, while we did not expect to observe many changes in the 
flying or foliage invertebrate communities. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
  
4 
CHAPTER 2 
LITERATURE REVIEW 
 
 
Invasive species 
 
Biological invasions are now widely considered to be a major threat to ecosystem 
functioning and global diversity (Sala et al. 2000; Wilcove et al. 1998).  Globalization 
and increasing human traffic have broken down historical biogeographic barriers for 
species dispersal and facilitated the transportation of living organisms across the planet 
(Lodge 1993; Vitousek et al. 1997).  Over the last two centuries, the rates of biological 
introductions have steadily increased with little sign of slowing down (di Castri 1989; 
Mack et al. 2000; Pimentel et al. 2000).  Invasive species not only competitively exclude 
and extirpate native species (Rosenzweig 1981; Rosenzweig and MacArthur 1963), but 
they can also rapidly disassemble and alter the ecological structure and organization at 
the community, ecosystem, and landscape levels (Carlton 1979; Case and Bolger 1991; 
D'Antonio and Vitousek 1992; Elton 1958; Sanders et al. 2003).  Thus, invasive species 
have become a serious concern for biological conservation and management (Hobbs and 
Huenneke 1992). 
When successfully introduced species establish outside their native range, they 
often have complex interactions with the native community.  Invasive species are often 
expected to cause a reduction in overall local diversity (Braithwaite et al. 1987; Lodge 
1993; Porter and Savignano 1990).  Biological invasions often cause an increase in 
species richness at regional or larger scales (Barber et al. 2008; Cohen and Carlton 1998).  
Understanding how an invasive causes a reduction in overall local diversity requires 
understanding the direct, and especially indirect, effects of the invasive on community 
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dynamics, but these effects are often difficult to isolate (Kurle et al. 2008; Towns et al. 
2009).  Ecological impacts can be further complicated by the cumulative effects of 
multiple species interactions (Hobbs et al. 2006; Simberloff and Von Holle 1999).   
Invasive species can also have indirect impacts on the surrounding ecosystem.  
For example, Kurle et al. (2008) found that introduced rats indirectly impact the inter-
tidal community by directly reducing native gull and oystercatcher populations.  By 
reducing densities of birds that feed on invertebrates in the inter-tidal zone, rats have the 
ability to change rocky marine inter-tidal zones from algae to invertebrate dominated 
shoreline.  Thus, non-native populations have the ability to restructure community-level 
food webs and inter-specific interactions, as well as change the structure of the landscape 
around them.  In order to describe the impacts of invaders in ecosystems, determining 
impacts on communities at broad spatial scales is necessary. 
  
Frog invasions 
Compared to other non-native taxa, the ecological impacts of non-native 
amphibians have only been moderately studied.  Because most amphibians invasions are 
often subtle or inconspicuous, the threat of non-native amphibians has often been 
overlooked or ignored (Kraus 2009).  Nevertheless, several amphibian species have 
successfully invaded habitats around the world, and have directly affected trophic 
structure through direct predation.  Native to the eastern United States, the American 
Bullfrog (Lithobates catesbeianus, formerly Rana catesbeiana) has been introduced 
around the world (Lever 2003) and has the ability to severely impact aquatic ecosystems 
(Bury and Whelan 1984; Werner et al. 1995).  Their high metabolic requirements demand 
that they prey heavily on native frog species and local fauna (Wang et al. 2007).  
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Kiesecker and Blaustein (1997) found that adult bullfrogs will prey on larvae of native 
red-legged frogs (Rana aurora), and can indirectly affect R. aurora by decreasing 
survival and growth rates (Kiesecker and Blaustein 1998).  In addition, bullfrogs have 
also been shown to outcompete vital resources, indirectly displacing natives at different 
life-stages (Kiesecker et al. 2001).   
Other invasives have the ability to directly affect ecosystems by consuming prey 
or serving as prey to other species.  The invasive cane toad (Chaunus marinus, formerly 
Bufo marinus) was introduced to Queensland, Australia in 1935 as a biological control 
agent, and rapidly began colonizing the coastal areas of the continent (Urban et al. 2007).  
By studying the impact of the toads at the invasion front, Greenless et al. (2006) found 
that cane toads were able to reduce invertebrate abundance and species richness in their 
invaded range.  Catling et al. (1999) found to be a significant variable in the reduction of 
dingo, beetles, and nectavorous/granivorous birds where they invade.  The cane toad has 
also directly impacted predatory native lizard, snake, and marsupial species with its high 
concentrations of lethal toxicity (Doody et al. 2006; Phillips et al. 2003; Webb et al. 
2005).  Australia’s native predators evolved in the absence of toxic anurans, and are naïve 
to the fatal consequences of cane toad ingestion (Lever 2001).  Cane toads can also have 
indirect cascading effects on trophic organizations.  By reducing populations of large 
monitor lizards, the toads have indirectly increased nest-survival of threatened turtle 
species (Doody et al. 2006).  What may have been a benign introduction has resulted in 
the collapse of native predatory species.   
Another well-studied invasive frog is the African clawed frog (Xenopus laevis).  
Like the bullfrog, the clawed frog is another predatory amphibian that has been primarily 
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transported around the globe as a live laboratory test subject (Gurdon 1996).  It has been 
found to prey upon large quantities of invertebrates (McCoid and Fritts 1980) as well as 
the endangered tidewater goby (Eucyclogobias newberryi) in its introduced range in 
California (Lafferty and Page 1997).  The clawed frog has also been identified as a carrier 
of chytrid fungus, Batrachochytrium dendrobatidis (Weldon et al. 2004).  The amphibian 
disease chytridiomycosis is considered a major threat to native amphibian populations 
worldwide (Daszak et al. 1999).  While there are relatively few documented invasive 
amphibian species, like other invasives, they still have the potential to cause ecological 
impacts in their introduced systems.  
 
Hawaiian invasions 
Oceanic islands are particularly vulnerable to species invasions (Lonsdale 1999; 
Sax et al. 2002; Steadman 2006), and are characterized by low diversification, simplified 
trophic webs, and high rates of endemism (Chapuis 1995).  Many island species 
incapable of long distance dispersal evolved in insular isolation for millions of years 
(Atkinson 1985), and lack the necessary adaptations to defend against invasives (Case 
and Bolger 1991; Dickman 1996; Fritts and Rodda 1998) or the ability to respond to 
interference and exploitation (Burger and Gochfeld 1994; Moors and Atkinson 1984; van 
Aarde and Skinner 1981).   
The Hawaiian Islands are the most isolated island group in the world, separated 
by 3,850 km from the nearest continent or other major island chains.  Due to its remote 
location and long geologic history, it is thought that as few as 400 colonizers are 
responsible for the rise of 5,433 endemic arthropod species (Eldridge 2000) with new 
species discovered every year.  Several lineages have undergone intense radiation and 
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speciation, including the origin of over 500 species of endemic Drosophila flies and over 
350 recognized species of the endemic case-bearing moth genus Hypsmocoma 
(Cosmopterigidae) (Zimmerman 1978).  In addition, Hawaii has over 1000 species of 
endemic land snails, and is considered to be the most diverse and unique array of snails in 
the world (Solem 1990).  Hawaii’s diversity and unique biogeographical history make it 
one of the world’s biological hot spots (Mlot 1995).  
Unfortunately, Hawaii is continuously under threat by frequent invasions of 
successful non-native species (Moulton and Pimm 1986).  Compared to the mainland, the 
islands have a much higher proportion of native birds and plant species threatened by 
invasives (Wilcove et al. 1998).  Of the roughly 125-145 bird species that once inhabited 
Hawaii, approximately 80% are now extinct (Pimm et al. 1994).  Over 100 species of 
Hawaiian plants have been lost, and just as many have probably been lost but gone 
undocumented (USFWS 1994).  Hawaii’s high endemic rate, remote location, and high 
invasive pressure leave it readily vulnerable to ecological disturbance and extinction 
(Loope and Mueller-Dombois 1989).  The islands are undergoing a period of extinction 
that is rapidly dismantling Hawaii’s unique array of island diversity and evolution 
(Zimmerman 1970).   
Because of Hawaii’s isolated history and remote geographic location, the islands 
lack many commonly-found invertebrate taxa compared to the mainland.  For example, 
Hawaii has no native ants, and when a generalist invertebrate predator, such as an ant, 
establishes on Hawaii, these non-native introductions can have adverse effects on 
Hawaiian invertebrate communities.  For instance, the aggressive Argentine ant 
(Linepithema humile) has been found to reduce populations of both endemic and non-
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native invertebrate species (Cole et al. 1992), as well as cause a reduction in overall 
diversity and richness of endemic invertebrate communities (Gillespie and Reimer 1993; 
Krushelnycky and Gillespie 2008).  Another example is the Western yellow jacket 
(Vespula pensylvanica), an invasive social wasp that has invaded Hawaii and been shown 
to displace native solitary bees (Wilson and Holway 2010).  Yellow jackets will prey 
upon or out-compete native bees, and exploit resources unavailable to the native solitary 
species.  For example, when yellow jackets commonly invade an area, they tend to nest in 
close proximity to other non-native Hymenoptera (Apis sp.) colonies, where they 
scavenge the hives and rob them of their honey stores (Wilson and Holway 2010).  
Native bees are so specialized, that they are unable to utilize these resources and cannot 
compete with the invasive yellow jackets. Thus, non-native invertebrates can have 
adverse impacts on Hawaiian invertebrate communities, for both native and non-native 
species.   
Prior to human colonization, Hawaii had no native amphibian species (Eldridge 
and Miller 1995).  Currently, the islands now harbor established populations of 13 
invasive amphibian species (Kraus 2009), including other globally known invaders, the 
American bullfrog (R. catesbiana) and the cane toad (R. marina), and now the coqui frog 
(Eleutherodactylus coqui).   
 
Eleutherodactylus coqui in Hawaii 
The Puerto Rican coqui frog was introduced to the Hawaiian Islands in the late 
1980s through the commercial horticulture trade (Kraus et al. 1999).  Within two 
decades, coquis rapidly colonized and established on the four major Hawaiian islands 
(Beard and Pitt 2006; Kraus and Campbell 2002), quickly reaching densities as high as 
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91,000 frogs/ha (Beard et al. 2008), levels three to five times higher than in Puerto Rico 
(Beard and Pitt 2006; Stewart and Woolbright 1996).  Compared to its native range, a 
lack of native predators, low levels of interspecific competition, and high resource 
availability might account for the high coqui population densities in Hawaii.  The Hawaii 
Invasive Species Council has reported an expansion of invasive coqui with new 
populations found monthly (HISC, unpubl. data).  
Coqui frogs are generalist insect predators and have the ability to consume an 
estimated 690,000 prey items/ha/night (Beard et al. 2008).  A diet study conducted in 
Hawaii by Beard (2007) found that the frogs were feeding on leaf litter invertebrates, 
primarily Amphipoda, Isopoda, Hymenoptera (mainly Formicidae), Collembola, Acarina, 
Diptera, and Coleoptera.  Generalist predators, like the coqui, may decrease species 
diversity by extirpating rare or endemic species (Schoener and Spiller 1996; Spiller and 
Schoener 1998).  Enclosure studies by Beard et al. (2003), Sin et al. (2008), and Tuttle et 
al. (2009) found that coqui frogs have the ability to reduce invertebrate prey abundance in 
small controlled settings.  These controlled studies found that coqui can cause an 18% 
decrease in leaf litter invertebrates (Sin et al. 2008), a 28% reduction in aerial 
invertebrates (Beard et al. 2003), a 40% decrease in microbivore abundance (Tuttle et al. 
2009), and a 30% reduction in non-native ants (Tuttle et al. 2009).  Thus, coqui in Hawaii 
consume large quantities of invertebrates, but it has yet to be determined exactly how the 
frogs are affecting community structure on a landscape scale.   
There may be other impacts of the invasion.  It has also been suggested that high 
densities of coqui frogs may facilitate establishment of introduced snakes in Hawaii by 
providing an ample prey source for introduced generalist predators (Christy et al. 2007; 
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Pimm 1987).  The invasive brown tree snake (Boiga irregularis) has a high likelihood of 
establishing in Hawaii.  On the Pacific island of  Guam, the tree snake has been 
responsible for the extinction of nine native bird species and the complete restructuring of 
an island food web (Fritts and Rodda 1998).  Brown tree snakes are nocturnal arboreal 
predators, and have bolstered their diet with a wide array of invasive species.  The state 
already monitors incoming cargo from Guam (Kraus and Cravalbo 2001), but if snakes 
were to ever establish on Hawaii, high densities of coqui frogs could become a readily 
available prey source.  In addition, a brown tree snake invasion would threaten any of the 
remaining endemic bird species, and further wreck havoc on an already stressed 
Hawaiian ecosystem.   
Another impact of the invasion could involve the coqui serving as a carrier of the 
harmful chytrid fungus (Beard and O'Neill 2005).  While other native frog populations 
around the world have been decimated by chytrid (Berger et al. 1998; Lips 1999), coquis 
have demonstrated resistance to the fungus (Carey and Livo 2008).  It is thought that if 
high-density populations of coqui frogs harbor the fungus, then Hawaii could become a 
source of chytrid that could spread to other Pacific islands (Beard and O'Neill 2005). 
   
Purpose of Study 
 
Coqui in Hawaii consume large quantities of invertebrates, but it has yet to be 
determined exactly how the frogs are affecting community structure on a landscape scale.  
We propose to investigate the broad-scale effects of this invasive frog by looking at the 
invasion front in areas of recent expansion to determine the changes in invertebrate 
communities.   
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CHAPTER 3 
 
METHODS 
 
 
Study sites 
Research was conducted at coqui invasion fronts on the island of Hawaii, USA, 
from May to August 2009 (Fig. 1) (see Appendix A).  Sites were selected to capture a 
diversity of native and non-native vegetation, climate, geological history, and elevation 
(range 35 to 912 m).  Dominant overstory differed among sites and included Aleurites 
moluccana (MK, site abbreviations are in Fig. 1), Bambusa vulgaris (GL and MV), 
Eucalyptus sp. (CA, HK, HM, KP, and WP), Macadamia integrifolia (CC and KE), 
Metrosideros polymorpha (ER, FF, KO, MKB, PP, and SA), Musa sp. (HL), Psidium 
cattleianum (KU), Schinus terebinthifolius (PB), and Spathodea campanulata (WM).  
Dominant understory also differed among sites: Coffea arabica (CC, HL, and KE), 
Dicranopteris linearis (ER, FF and SA), Freycinetia arborea (KO), Hedychium sp. (GL, 
MV and WM), Melastoma melabathricum (PP), Psidium cattleianum (CA, HM and KU), 
Psydrax odorata (MK), Psychotria mariniana (KP), Schinus terebinthifolius (MKB and 
PB), and Urochloa maxima (HK and WP).  Mean annual temperatures across study sites 
ranged from 18 to 23˚C (Nullet and Sanderson 1993), and mean precipitation ranged 
from 100 to 600 cm/year (Price 1983).  Volcanic parent material across all sites ranged 
from 155 to >10,000 years in age (Wolfe and Morris 1996). 
Site selection  
Previous experience and discussion with local managers identified potential 
invasion fronts (Beard et al. 2008).  Presence and absence of coquis on each side of the  
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Fig. 1  Fifteen sites on the island of Hawaii.  Site abbreviations are Captain Cook (CC); 
Eden Roc (ER); Fern Forest (FF); Glenwood (GL); Honokaa (HK); Holualoa (HL); 
Hamakua (HM); Kaloko (KO); Kalopa (KP); Kulani (KU); Manuka (MK); Manuka B 
(MKB); Paradise Park (PP); Saddle Road (SA); and Waikaumalo (WK).  Grey lines 
indicate state routes.   
 
 
front was determined by listening for 20 min between 1900 and 0200 h, peak hours of 
calling (Woolbright 1985), for the loud (70 dB at 0.5 m) two-note mating call on three 
separate nights over a one-week period (Beard and Pitt 2005).  Designations were also 
confirmed during subsequent sampling.  In addition, we documented no evidence of other 
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frog species on our plots that may have interfered with the effects of the coqui.  A mean 
distance of 380 m separated plots on either side of the invasion front (57-1000 m).   
To address our questions, we needed our plots to differ only by the presence of 
coqui.  To determine differences of environmental characteristics between plots, we 
collected and analyzed environmental data (canopy cover, ground cover, stem density, 
and understory density).  All measurements, including invertebrate sampling described 
below, were taken within the 30 m x 30 m plots located on each side of the front.   
In each plot, percent canopy cover and ground cover were collected along five 
parallel 30 m long transects spaced 5 m apart.  Percent canopy cover was measured using 
a spherical densiometer (Forest Densiometers, Bartlesville, OK) at 20 points every 1.5 m 
along each transect, for a total of 100 measurements per plot.  Percent ground cover was 
collected at the same 100 locations per plot using the point-intercept method and a 1 m x 
1 m quadrat.  Amount of understory structure was measured using a Nudds checkerboard 
(0.5 m x 2.0 m with 100 equal squares) (Nudds 1977).  At five points in each plot 
photographs were taken 5 m away from the board and in each cardinal direction, at both 1 
m and 2 m above the ground.  The five points were located in the center of the plot, and 
10.6 m from the center at 45 degrees from the cardinal axes.  Photographs were analyzed 
by visually counting squares covered by vegetation.  Woody stem density was measured 
by conducting stem counts within each of 36 non-overlapping, 5 m x 5 m subplots per 
plot.  Stem diameter at breast height (DBH) was measured and binned into four 
categories: 10-15 cm, 15-20 cm, 20-30 cm, and >30 cm.   
Of the original 20 sites, 15 did not differ (P > 0.05) for any of the environmental 
variables measured (canopy cover, ground cover, understory density, and stem density) 
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and were considered in the rest of the study.  Five sites that had significant differences 
between plots for one or more environmental measurement were removed from further 
analyses (see Appendix B).   
Invertebrate sampling  
In all plots, invertebrates were sampled after 2200 h using three collection 
methods.  All invertebrate samples were collected at the same five points as the Nudds 
understory measurements for all three methods.  Leaf litter was collected from 0.25 m x 
0.25 m areas, dried in Berlese-Tullgren funnels, and invertebrates were extracted and 
stored in 70% ethanol (leaf litter samples).  Flying invertebrates were collected for 48 h at 
each collection point using Chevron Ortho sticky traps (10 cm x 18 cm) placed at the 
mean frog height calculated from site-specific distance sampling (sticky trap samples).  
Finally, invertebrates were collected from the trunk and leaves of the dominant 
vegetation using a modified vacuum for 30 sec at each point.  Vacuumed invertebrates 
were collected and immediately stored in 70% ethanol (vacuum samples).  All 
invertebrates were counted and identified to lowest recognizable taxonomic unit (RTU), 
mostly to scientific order, using a dissecting microscope. 
Invertebrates were classified into feeding guilds for analysis: fragmenters 
(Amphipoda, Blattodea, Coleoptera, Dermaptera, Diplopoda, Diptera, Gastropoda, 
Isopoda, Oligochaeta, Pauropoda, Psocoptera, Turbellaria), herbivores (Hemiptera, 
Hymenoptera: Other, Lepidoptera: Larvae, Orthoptera, Thysanoptera), microbivores 
(Acari, Collembola, Diptera: Sciaridae), predators (Araneae, Chilopoda, Coleoptera: 
Staphylinidae, Hymenoptera: Formicidae, Neuroptera, Pseudoscorpionida), and others 
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(Diptera: Culicidae, Lepidoptera) using Petersen and Luxton (1982) and Tuttle et al. 
(2009).  All invertebrate identifications were made using Borror et al. (1989). 
Frog sampling  
Because we hypothesized that changes in invertebrate communities may be 
greater where frog density was higher, we estimated frog density in each invaded plot.  
To estimate coqui density, we conducted distance sampling surveys (Buckland et al. 
2001; Fogarty and Vilella 2001).  Beginning at 1930 h, two researchers surveyed with 
headlamps one of six adjoining 5 m wide, 30 m long parallel transects, slowly walking 
and searching for frogs for 45 min.  When a frog was observed, the distance from the 
observer and height from the forest floor was recorded.  At the end of each transect, 
researchers moved to the next adjoining transect, until the entire plot and total of six 
transects were surveyed for frogs, for a total time of 270 min per plot.   
The night following distance sampling, frog collection for coqui diet analysis 
occurred starting at 2000 h.  Two researchers searched for frogs via headlamp each of six, 
5 m x 30 m transect for 30 min across the entire plot.  Observed frogs were hand-captured 
and euthanized.  In the laboratory, individual frogs were dissected and pierced stomachs 
were stored in vials of 70% ethanol until analysis.  Snout-vent length (SVL) for each 
individual was measured to the nearest 0.1 mm using dial calipers, and placed into age 
class (adult and preadult) based on visual inspection of gonads.  Later, stomach contents 
were counted and identified to lowest RTU using a dissecting microscope.  
Statistical analysis   
To determine the effect of frog treatment (coqui and non-coqui) and site (15 sites) 
on invertebrate communities as a whole, we compared invertebrate community 
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composition for each of the collection methods (leaf litter, sticky traps, vacuum 
sampling) by both taxonomic order and feeding guild using permutational multivariate 
analysis of variance (MANOVA) in the Adonis function in the Vegan package in R 2.0.1 
(Oksanen et al. 2008).  Community composition was evaluated by using both a matrix of 
taxa abundance and a matrix of taxa presence/absence.  Adonis builds a dissimilarity 
matrix describing the multivariate community and tests for treatment effects by 
identifying spatial community centroids and calculating the squared distance of 
dissimilarity.  Distance matrices were constructed using two indices: Bray-Curtis to 
analyze community abundance because it handles abundance data well, and Raup-Crick 
to analyze community presence/absence because it is a probabilistic index based on 
presence/absence data.  Adonis generated non-parametric ANOVA results by building 
the null distribution of the test statistic calculated through 1000 data permutations 
(Oksanen et al. 2008).  When results yielded significant frog treatment (coqui and non-
coqui) and site (15 sites) differences for community composition, we conducted principal 
components analyses (PCA) using the pca function with a covariance matrix in the labdsv 
library in R 2.0.1.   
To determine the effect of frog treatment (coqui and non-coqui) and site (15 sites) 
on: 1) abundance of all invertebrates and in each feeding guild; and 2) abundance of taxa 
comprising more than 5% of each environmental collection; we used a two-way factorial 
ANOVA.  Each of the three invertebrate collection methods was analyzed separately.  
For all ANOVAs, frog treatment and site were fixed factors.  Data were modeled using a 
negative binomial distribution to satisfy parametric test and model assumptions (O'Hara 
and Kotze 2010).  Results are presented in Appendix C.  
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We wanted to include coqui density as a covariate on changes in the invertebrate 
communities because we hypothesized it might influence the changes we observed in 
invertebrate communities.  We estimated frog densities at each site using Program 
DISTANCE (Thomas et al. 2006).  Program DISTANCE fits distance sampling data to 
specific detection functions and evaluates the models using Akaike’s Information 
Criterion (AIC).  Data were fit to key detection functions (uniform, half-normal, or 
hazard-rate) and series expansions (cosine, simple polynomial, or hermite polynomial).  
Program DISTANCE was unable to estimate site-specific site densities for two sites (KP 
and KU) because of their low detectability for frogs.  Instead, we used linear regression 
to extrapolate the linear relationship between observed frogs and estimated frogs for 
calculated site densities. 
We also used two-way ANOVAs to investigate differences in diet taxa between 
age classes, where we treated age class (adult and preadult) and site as fixed factors, and 
treated individuals as sub-samples.  Data were analyzed from eight sites where there were 
sufficient numbers for comparison of both adults and preadults (i.e. ≥ 5 individuals).  
Because we were analyzing stomach content count data, the data were modeled using a 
negative binomial distribution (O'Hara and Kotze 2010).   
We did not use density as a covariate in the ANOVA analyses because density 
and site are confounded factors.  Instead, site-specific densities were used as a covariate 
when analyzing Spearman correlations of frog and invertebrate abundances.  To 
investigate the relationship between frog density and the reduction of invertebrates 
among sites, we assumed that the non-coqui sites represent invertebrate communities pre-
invasion.  We conducted density correlations on changes in invertebrate abundances 
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between coqui and non-coqui sites. We also analyzed total invertebrate abundance at 
non-coqui sites to investigate the relationship between available prey abundance and 
coqui density.  Correlations were analyzed by feeding guild and invertebrate taxa 
comprising > 5% of individual environmental collections or total coqui diet.  There was 
one site that had a much higher frog density than the rest of our sites.  After conducting 
analyses with and without the site, the findings were generally the same, and therefore all 
sites were included in the analysis (see Appendix D). 
For the multivariate and ANOVA analyses, when there were significant frog 
treatment effects, these are presented.  As a variable, site was significant for 96% of our 
analyses.  This was expected because sites were chosen to capture the high degree of 
landscape variability, and suggests that sites had different invertebrate communities.  
Thus, significant site effects are not discussed unless there is an interaction with frog 
treatment effects.  ANOVAs were conducted using PROC GLIMMIX and Spearman 
correlations were conducted using PROC CORR in SAS v. 9.1.3 for Windows (SAS 
Institute 2006).  We considered all tests significant at P < 0.05 and present values where 
appropriate.   
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CHAPTER 4 
RESULTS 
 
Invertebrate communities  
In total, 21,382 invertebrates were collected and identified from the 15 coqui sites 
and 28,184 invertebrates from the 15 non-coqui sites.  A total of 90.4% of the 
invertebrates were collected in the leaf litter samples, 7.4% in the sticky trap samples, 
and 2.2% in the vacuum samples (Fig. 2).  Samples across all collection types and 
treatments consisted primarily of Acari (50.6%), Collembola (21.1%), Hymenoptera 
(7.6%), and Isopoda (5.7%). 
 
Fig. 2  Mean number of invertebrates (± SE) in three communities of invertebrates with 
and without coqui frogs (n = 15). Significant treatment results are marked with (*), and 
significant treatment-site interactions are marked with (†) 
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Leaf litter invertebrates  
Coquis changed leaf litter community abundance for feeding guild and taxonomic 
order, but taxonomic order varied by site (Table 1).  Coquis did not affect community  
presence/absence for feeding guild or taxonomic order (Table 1).  In community 
 
 
Table 1  Results from multivariate analysis of variance comparing the effects of 
treatment (coqui/non-coqui) and site on invertebrate community abundance and 
presence/absence by feeding guilds and taxa.  Bold indicates significance (P < 0.05) 
Community abundance  
 Feeding guild Taxa 
Model DF R
2
 P-value DF R
2
 P-value 
Leaf litter treatment 1 0.0140 0.022 1 0.0114 0.017 
Leaf litter site 14 0.3953 <0.001 14 0.4017 <0.001  
Leaf litter treatment*site 14 0.0753 0.131 14 0.0897 0.002 
Flying treatment 1 0.0015 0.798 1 0.0069 0.100 
Flying site 14 0.4506 <0.001 14 0.4037 <0.001  
Flying treatment*site 14 0.0903 0.002 14 0.0989 <0.001 
Foliage treatment 1 0.0036 0.653 1 0.0089 0.117 
Foliage site 14 0.2615 <0.001 14 0.2412  <0.001  
Foliage treatment*site 14 0.1231 0.004 14 0.1317  <0.001 
Community presence/absence  
  Feeding guild Taxa 
Model DF R
2
 P-value DF R
2
 P-value 
Leaf litter treatment 1 0.0057 0.452 1 -0.0290 1.000 
Leaf litter site 14 0.1483 0.002 14 0.6741  <0.001 
Leaf litter treatment*site 14 0.0926 0.368 14 0.1105 0.002 
Flying treatment 1 0.0071 0.265 1 0.0353 0.001 
Flying site 14 0.1576 <0.001 14 0.4796 <0.001 
Flying treatment*site 14 0.0857 0.545 14 0.0951 0.053 
Foliage treatment 1 0.0080 0.283 1 0.0092 0.184 
Foliage site 14 0.1859 <0.001 14 0.3587 <0.001 
Foliage treatment*site 14 0.1070 0.138 14 0.1603 <0.001 
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abundance PCAs, coquis changed communities by reducing microbivore abundances 
 (PC1, Fig. 3).  Coqui sites had 26.9% fewer total leaf litter invertebrates (treatment, 
F1,120 = 10.89, P = 0.0013), 30.1% fewer leaf litter microbivores (treatment, F1,120 = 9.17, 
P = 0.0030), and 33.4% fewer leaf litter herbivores (treatment, F1,120 = 4.71, P = 0.0319) 
than non-coqui sites.  Coqui effects on fragmenters and predators varied by site (Fig. 4a).  
Coquis consistently reduced Acari, on average by 36.0% (treatment, F1,120 = 9.80, P = 
0.0022), but effects on Hymenoptera, Collembola, and Isopoda varied by site (Fig. 4b).   
 
 
 
 
 
Fig. 3  Principal components analysis of leaf litter invertebrate community abundance 
collected at sites with and without coquis by feeding guild (n = 15 sites).  Total variance 
explained by each axis and two most important contributing taxa in parentheses  
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A) 
 
  B) 
 
Fig. 4  Mean number of leaf litter invertebrates (± SE) at sites with and without coqui 
frogs by (A) feeding guilds and (B) taxonomic groups (n = 15).  Significant treatment 
results are marked with (*), and significant treatment-site interactions are marked with 
(†) 
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Flying invertebrates  
Coqui effects on flying invertebrate community abundance for feeding guild and 
taxonomic order varied by site (Table 1).  Coqui effects did not change flying 
invertebrate community presence/absence for feeding guild, but did change community 
taxa presence/absence (Table 1).  But when we analyzed the community 
presence/absence PCAs for taxonomic order, there was no discernable uniform 
community change (Fig. 5).  Coqui effects on total flying invertebrate abundance varied 
by site (Fig 2).  Coqui effects on fragmenters and herbivores varied by site (Fig. 6a),  
 
 
 
 
Fig. 5  Principal components analysis of flying invertebrate community presence/absence 
collected at sites with and without coquis by taxa (n = 15 sites).  Total variance explained 
by each axis and two most important contributing taxa in parentheses 
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A) 
 
  B) 
 
Fig. 6  Mean number of flying invertebrates (± SE) at sites with and without coqui frogs 
by (A) feeding guilds and (B) taxonomic groups (n = 15).  Significant treatment results 
are marked with (*), and significant treatment-site interactions are marked with (†) 
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while there was no change in flying microbivore (treatment, F1,120 = 1.13, P = 0.2903) or 
predator abundance (treatment, F1,120 = 0.42, P = 0.5166).  Coquis increased Diptera by 
19.0% (treatment, F1,120 = 5.31, P = 0.0230), but effects on Hemiptera and Hymenoptera 
varied by site (Fig. 6b).  There was no change in Collembola (treatment, F1,88 = 1.11, P = 
0.2945).  
Foliage invertebrates  
Coqui effects on foliage invertebrate community abundance by feeding guild and 
taxonomic order varied by site (Table 1).  Coqui effects did not affect community 
presence/absence by feeding guild, but did cause taxonomic presence/absence to vary by 
site (Table 1).  Coqui effects on foliage invertebrate abundance varied by site (Fig. 2).  
There was no change in fragmenters (treatment, F1,104 = 0.23, P = 0.6291), herbivores 
(treatment, F1,120 = 0.149, P = 0.2244), or microbivores (treatment, F1,120 = 0.02, P = 
0.8826), while predators varied by site (Fig. 7a).  Coquis did not change the abundance of 
Acari, Araneae, Collembola, and Diptera (treatment, F1,120 = 2.58, P = 0.1110; F1,56 = 
1.47, P = 0.2303; F1,96 = 0.01, P = 0.9029; F1,120 = 1.05, P = 0.3085, respectively), while 
coqui effects on Hymenoptera varied by site (Fig. 7b).  
Coqui diet selection  
A total of 6,701 prey items were identified from 874 coqui stomachs (range 30 to 
122 per site).  We found that 646 adults consumed 3,597 prey items, while 238 preadults 
consumed 3,104 prey items.  Across sites, dominant prey included Hymenoptera 
(32.80%), Coleoptera (12.10%), Amphipoda (8.73%), Collembola (7.89%), Acari 
(7.22%), and Isopoda (5.75%) (Table 2).  At sites with both preadult and adult frogs,  
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A) 
 
B) 
 
Fig. 7  Mean number of foliage invertebrates (± SE) at sites with and without coqui frogs 
by (A) feeding guilds and (B) taxonomic groups (n = 15).  Significant treatment results 
are marked with (*), and significant treatment-site interactions are marked with (†) 
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Table 2  Stomach contents by total number of prey item and percent total for each taxa 
consumed by coqui (n = 646 adults, 228 preadults) from 15 sites on the island of Hawaii 
  ADULT PREADULT TOTAL 
Taxa 
Prey 
items Percent  
Prey 
items Percent  
Prey 
items Percent  
AMPHIBIA       
   ANURA       
      Tissue 2 0.05% 0 0.00% 2 0.03% 
      Eggs 71 1.90% 0 0.00% 71 1.06% 
ARACHNIDA       
   ACARI 118 3.16% 366 12.32% 484 7.22% 
   ARANEAE 216 5.79% 92 3.10% 308 4.60% 
   PSEUDOSCORPIONIDA 9 0.24% 36 1.21% 45 0.67% 
CHILOPODA 45 1.21% 25 0.84% 70 1.04% 
CRUSTACEA       
   AMPHIPODA 407 10.91% 178 5.99% 585 8.73% 
   ISOPODA 236 6.33% 149 5.02% 385 5.75% 
DIPLOPODA 49 1.31% 5 0.17% 54 0.81% 
PAUROPODA 11 0.29% 21 0.71% 32 0.48% 
GASTROPODA 46 1.23% 29 0.98% 75 1.12% 
TURBELLARIA 1 0.03% 0 0.00% 1 0.01% 
INSECTA       
   BLATTODEA 63 1.69% 0 0.00% 63 0.94% 
   COLEOPTERA       
      Other 275 7.37% 168 5.65% 443 6.61% 
      Curculionidae 21 0.56% 6 0.20% 27 0.40% 
      Larvae 0 0.00% 1 0.03% 1 0.01% 
      Scolytidae 37 0.99% 293 9.86% 330 4.92% 
      Staphylinidae 9 0.24% 1 0.03% 10 0.15% 
   COLLEMBOLA 279 7.48% 250 8.41% 529 7.89% 
   DERMAPTERA 71 1.90% 28 0.94% 99 1.48% 
   DIPTERA       
      Other 39 1.05% 131 4.41% 170 2.54% 
      Larvae 1 0.03% 0 0.00% 1 0.01% 
      Chloropidae 12 0.32% 1 0.03% 13 0.19% 
      Sciaridae 1 0.03% 1 0.03% 2 0.03% 
      Tipulidae 35 0.94% 1 0.03% 36 0.54% 
   HEMIPTERA       
      Heteroptera 49 1.31% 25 0.84% 74 1.10% 
      Auchenorrhyncha 58 1.55% 26 0.88% 84 1.25% 
      Sternorrhyncha 4 0.11% 13 0.44% 17 0.25% 
   HYMENOPTERA       
       Formicidae 1168 31.31% 1006 33.86% 2174 32.44% 
       Other 14 0.38% 10 0.34% 24 0.36% 
   ISOPTERA 13 0.35% 0 0.00% 13 0.19% 
   LARVAE, UNIDENT 21 0.56% 18 0.61% 39 0.58% 
   LEPIDOPTERA 62 1.66% 13 0.44% 75 1.12% 
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       Larvae 133 3.57% 46 1.55% 179 2.67% 
   NEUROPTERA 12 0.32% 2 0.07% 14 0.21% 
       Larvae 7 0.19% 0 0.00% 7 0.10% 
   ORTHOPTERA 50 1.34% 2 0.07% 52 0.78% 
   PSOCOPTERA 18 0.48% 7 0.24% 25 0.37% 
   THYSANOPTERA 5 0.13% 10 0.34% 15 0.22% 
UNKNOWN 62 1.66% 11 0.37% 73 1.09% 
TOTAL 3730 100.00% 2971 100.00% 6701 100.00% 
 
 
 
 
 
Fig. 8  Mean consumed prey (± 1 SE) between adult and preadult frogs.  Significant 
treatment results are marked with (*), and significant treatment-site interactions are 
marked with (†). Frogs for both age classes were collected at eight sites on the island of 
Hawaii  
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preadult frogs consumed 402.2% more Acari (age, F1,603 = 54.16, P < 0.0001) and 
213.1% more Collembola (age, F1,603 = 54.20, P < 0.0001) than adult frogs (Fig. 8).  
Effects of age class on Amphipoda, Coleoptera, Isopoda, and total prey varied by site 
(Fig. 8), while there was no change in Hymenoptera (age, F1,564 = 2.07, P = 0.1505). 
Coqui density  
A total of 988 frogs were detected on all invaded plots (range 9 to 239).  Site-
specific population densities were successfully estimated for 13 of the 15 sites, ranging 
from 347 to 6,983 frogs/ha (Table 3).  
Correlation tests  
When frog density was compared to the change in invertebrate abundance 
(difference between non-coqui and coqui sites), there was a positive correlation with leaf 
litter and foliage Acari (R
2
 = 0.5250, P = 0.0445; R
2
 = 0.5474, P = 0.0347) and a negative 
correlation with foliage fragmenters (R
2
 = -0.5786, P = 0.0238).  In contrast, when frog 
density was compared to invertebrate abundance in each community, there were positive 
correlations with leaf litter Araneae (R
2
 = 0.5738, P = 0.0253) and Hemiptera (R
2
 = 
0.6100, P = 0.0157), as well as flying and foliage Coleoptera (R
2
 = 0.6289, P = 0.0120, 
R
2
 = 0.5670, P = 0.0275), but negatively correlated with flying Collembola (R
2
 = -0.6296, 
P = 0.0119).  Additionally, frog density was positively correlated with flying herbivores 
(R
2
 = 0.5487, P = 0.0342), as well as flying and foliage predators (R
2
 = 0.5306, P = 
0.0419; R
2
 = 0.6943, P = 0.0041), but negatively correlated with flying microbivores (R
2
 
= -0.7000, P = 0.0037). 
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Table 3  Site-specific density estimates.  Model averaging used (1) half-normal cosine; 
(2) half-normal hermite polynomial; (3) hazard-rate cosine; (4) hazard-rate hermite 
polynomial; (5) hazard-rate simple polynomial; (6) uniform cosine; and (7) uniform 
simple models.  For site abbreviations see Fig. 1 
 
Site Unbinned models 
Effective 
strip width 
(m) 
Density 
(frogs/ha) 
Lower 
95% CI 
Upper 
95% CI 
Kolmogorov-
Smirnov 
GOF test (p) 
CC model average (3, 4, 5) 0.95 6983.36 4283.36 11387.90 0.098 
ER model average (2, 3, 7) 2.40 960.65 737.813 1250.79 0.194 
FF model average (1, 2, 6, 7) 2.50 416.67 153.125 1133.79 0.864 
GL model average (1, 2) 1.93 633.18 264.151 1517.77 0.959 
HK model average (1, 2, 6, 7) 1.50 887.94 523.337 1506.56 0.807 
HL model average (3, 4, 6) 1.27 1089.55 587.71 2019.92 0.886 
HM model average (1, 2, 7) 2.50 346.67 192.569 624.08 0.596 
KO model average (3, 6) 1.75 506.51 263.574 973.35 0.571 
KP Unestimated - - - - - 
KU Unestimated - - - - - 
MK model average (1, 3) 1.34 2556.21 1843.75 3543.97 0.184 
MKB model average (1, 3) 1.21 1336.48 796.327 2243.02 0.676 
PP model average (3, 5) 2.13 496.39 285.298 863.65 0.699 
SA model average (1, 7) 2.40 601.85 307.385 1178.41 0.458 
WM model average (1, 6) 1.11 3185.76 1683.37 6029.03 0.546 
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CHAPTER 5 
 
DISCUSSION 
 
 
Across 15 sites on the island of Hawaii, we found that coqui frogs reduced the 
total number of leaf litter invertebrates.  In addition, coqui frogs appeared to change 
flying invertebrate communities but have no measurable effect on foliage invertebrate 
communities. While enclosure experiments previously conducted in Hawaii have 
suggested that coquis may reduce leaf litter invertebrates and possibly increase flying 
invertebrates (Sin et al. 2008; Tuttle et al. 2009), these patterns had not previously been 
measured at the landscape scale.  Similar to other invasive amphibians, coquis can induce 
measurable changes in invertebrate communities at the landscape scale (Catling et al. 
1999; Greenlees et al. 2006). 
We expected to see the most direct change in the leaf litter invertebrate 
community because coquis primarily consume leaf litter invertebrates in Hawaii (Beard 
2007).  The observed reduction of total invertebrates in this community (27%) was 
largely the result of reductions in microbivores by 30%, namely Acari, and also a 
reduction in herbivores by 33%, primarily Hemiptera (Sternorrhyncha) and 
Thysanoptera.  The directional shift in sites we observed in the community abundance 
PCA was largely driven by a reduction in highly abundant microbivores.  This suggests 
that by reducing abundant prey, the coqui are causing a homogenization of community 
composition in their invaded range.  In addition, we also found a reduction in 
Hymenoptera and Collembola at some sites.  These results were similar to previous 
enclosure studies suggesting that coqui have the potential to reduce total leaf litter 
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invertebrates by 14% (Sin et al. 2008), microbivore abundance by 40% (Tuttle et al. 
2009), and non-native ants by 30% (Tuttle et al. 2009). 
While we did not expect to observe many changes as a result of the invasion in 
the flying invertebrate community (Beard 2007), we did observe a change in flying 
invertebrate taxa community presence/absence and an increase in Diptera abundance.  
Frequently, invaders reduce the abundance of their prey (Lodge 1993; Porter and 
Savignano 1990).  Yet, there are often indirect effects that create positive effects on taxa 
in lower trophic levels.  First, we propose that coquis increase Diptera abundance because 
of their high densities (Beard et al. 2008) and their estimated deposition of nutrients in 
the system though excrement and carcasses (Beard et al. 2002).  A previous study also 
found that coquis were associated with increased abundance of Diptera (Tuttle et al. 
2009), and it was suggested in that study that ground-dwelling larvae may feed on readily 
available frog carcasses, which in turn may also lead to higher Diptera abundances at 
coqui sites (Tuttle et al. 2009).  We investigated specific Diptera families and found that 
the family of fungus gnats (Sciaridae) was responsible for the greatest increase in 
abundance and also feeds on carcasses (Perotti et al. 2010).  Second, we propose that 
coquis may indirectly increase Diptera abundance by reducing ant predation.  Reduction 
in non-native ant abundances could indirectly relieve predatory pressure on already 
impacted invertebrates, (Krushelnycky and Gillespie 2010), and in turn, increase the 
number of taxonomic groups and increase community composition.  Previous studies 
have also found that coquis have the potential to reduce ants (Sin et al. 2008; Tuttle et al. 
2009).  It is possible that both of these mechanisms may be occurring.   
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We expected that coquis might change foliage invertebrates (Beard 2007), but we 
found no measurable change as a result of the coqui in the foliage invertebrate 
community.  In Puerto Rico, foliage invertebrates are the dominant prey consumed by 
coquis (Stewart and Woolbright 1996), while in Hawaii they were not found to be as 
important prey items as leaf litter invertebrates.  The low abundance of foliage 
invertebrates for sit-and-wait predators like the coqui (Woolbright 1985) might explain 
why they are less prominent in diet composition in Hawaii, and thus might be 
experiencing less direct impacts from coqui predation.  
We found positive correlations between frog density and reductions of leaf litter 
Acari.  This reduction is likely attributed to direct predation, especially because Acari are 
prominent prey items in preadult coqui diet.  Preadult to adult ratios in Hawaii are 
estimated at 2.5:1 (±1.7 SD) (Beard et al. 2008), and have shown that preadults consume 
more, smaller prey items than adults (primarily Acari, Collembola) (Beard 2007). 
Because prey size is positively correlated with body size (Woolbright and Stewart 1987) 
and smaller prey items compose a large percentage of preadult diet, preadult frogs are 
likely affecting smaller bodied taxa like Acari and Collembola, while adults are more 
likely affecting larger invertebrates like Amphipoda and Coleoptera.  In addition, coqui 
populations have been shown to have seasonal variation in density and activity (Stewart 
1995).  Thus, seasonal breeding and varying peaks of preadult density could be having 
temporal and intermittent impacts on invertebrate communities at certain times of the 
year.  
On the other hand, we found positive correlations between frog density and the 
number of large-bodied abundant taxa in the environment.  There was a positive 
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correlation between frog density and relative abundance of prominent diet taxa (Araneae, 
Coleoptera), similar to findings by Beard et al. (2008).  Abundant prey taxa could support 
higher densities of coqui frogs.  In addition, our findings support the same six prominent 
taxonomic orders found in a previous diet study (Beard 2007): Acari, Amphipoda, 
Isopoda, Coleoptera, Collembola, and Araneae.  Although diet studies are temporal 
snapshots of consumed prey items, this diet analysis was conducted across a number of 
different environments and habitats, which further support that these prominent taxa are 
the dominant prey in Hawaii.   
It is reasonable to assume that different habitats result in different invertebrate 
communities and prey availability of prey to frogs.  Although several taxa had significant 
treatment and site interactions, this discussion focused on the effects that were consistent 
across sites.  However, it is important to mention that some taxa, primarily Collembola, 
Hymenoptera, and Isopoda in the leaf litter, and Hymenoptera on the foliage, were 
reduced by frogs at some sites.  On the other hand, flying Hemiptera and Hymenoptera, 
similar to Diptera, increased with frogs at some sites.  This suggests that some effects can 
vary by site, and when considering the community-level impacts of coqui at particular 
sites, it might be important to consider the effects on other taxa as well.   
One concern with these types of observational studies is that the effects measured 
are not a result of the invasive species, but some other environmental factor that this 
associated with the invasive species.  To account for this possibility we used strict 
requirements regarding what sites could be included in our study, and the invaded and 
un-invaded sites could not differ in any environment parameter that we could think to 
measure.  This prevented us from including all of our original sites in the analysis.  While 
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we cannot rule out the possibility that there were other factors contributing to the results, 
the fact that these results support both other diet and enclosure studies suggests the 
changes that we recorded were the result of the frog. 
Because we measured impacts of the coqui at sites along the invasion front, these 
results may represent the short-term impacts of the invasion.  Due to the recent nature of 
the invasion and potential lag time responses by the invertebrate community, sites may 
only demonstrate a partial degree of change (Krushelnycky and Gillespie 2010).  
Alternatively, coqui densities could be high as they invade new areas before they deplete 
resources, and their short-term effects might be greater than their long-term effects 
(Morrison 2002).  Over time, a predator-prey dynamic equilibrium may be reached, 
possibly different than what is currently found at the invasion front (Buckley et al. 2005).  
In addition, because sites were not sampled over time, there could be unforeseen seasonal 
differences in invertebrate communities and periods of frog activity.   
Individual invertebrate sampling techniques are inherently biased in their data 
collection.  Our methods were chosen to sample invertebrate prey items available to 
coqui while foraging, and to investigate the changes resulting from direct predation.  
Other methods, like UV light traps or beating trays, would have sampled other portions of 
the invertebrate community, and may have captured unsampled groups that also 
demonstrated induced change.  Furthermore, some invertebrate taxa that were prominent 
in coqui diet were underrepresented in environmental collections.  Large-bodied and 
highly mobile cockroaches (Blattodea) and grasshoppers (Orthoptera) were frequently 
found in adult stomachs (62 and 48 items, respectively), yet they were infrequently found 
in our environmental samples. 
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Our findings show that coqui frogs change invertebrate communities in Hawaii, 
and especially reduce highly abundant prey taxa, such as Acari.  We consistently 
observed particular changes in invertebrate communities regardless of site differences 
and the length of time that coquis may have been occupying these various sites.  This 
suggests these results are likely to be consistent across sites as coquis continue to invade.  
Because coquis have measurable effects on invertebrate communities, this should be 
taken into consideration as control measures are evaluated.  
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CHAPTER 6 
 
CONCLUSIONS 
  
Our research demonstrates that coqui frogs have measurable effects on 
invertebrate communities in Hawaii.  Across 15 sites on the island of Hawaii, we found 
that coquis change leaf litter communities, reducing overall abundance by 27%, and more 
specifically cause reductions in leaf litter microbivores and herbivores.  Of the leaf litter 
invertebrates, across the 15 sites, we found that coquis reduced Acari by 36%.  We also 
found that across the 15 sites coquis changed flying invertebrate community composition, 
and more specifically they increased flying Diptera abundance by 17%.  We observed no 
measurable effect on foliage invertebrate communities.   
We sampled from a variety of sites and habitats with different environmental 
characteristics and invertebrate assemblages.  Because of the diverse relationships and 
complex assemblage of species, it is reasonable to assume that coqui might not cause a 
uniform change at all sites.  However, it is particularly interesting that the changes we 
describe above were observed across all sites, indicating that coqui create certain 
consistent large-scale changes in invertebrate communities across a wide diversity of 
habitats. 
This experiment was designed to determine the effects of coqui frogs on 
invertebrate communities at a broad landscape scale.  By selecting 15 sites to focus on, 
we tried to increase the statistical power of a ‘natural landscape experiment’(Diamond 
1986).  However, our findings were limited by the number of collected samples, and a 
more robust sampling design may have found more relationships.  For example, several 
taxa that were abundant in their diet, like leaf litter Amphipoda (R
2
 = 0.4784, P = 0.0712) 
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and Coleoptera (R
2
 = 0.4637, P = 0.0712), had strongly positive, but not significant, 
correlations with coqui density.  This correlation may imply that coqui are having direct, 
but not uniform, impacts across all sites.  Furthermore, invertebrate assemblages have a 
high degree of spatial and temporal variability, which is why many invertebrate studies 
utilize a P < 0.10 (Holmes and Schultz 1988).  Including more sites or invertebrate 
samples for each plot in the analysis may have given us more significant differences.  
Therefore, it is possible that coqui frogs may be having more effects on invertebrate 
communities than was actually measured in this study.   
Additional research employing different experimental controls would be helpful 
in understanding the coqui impacts on invertebrate communities.  One study that would 
be valuable would be to monitor invertebrate communities at specific sites over the 
progression of the invasion.  One of the more difficult aspects of this project was 
identifying sites along the invasion front that did not differ in environmental parameters. 
With sites already identified and samples collected, our non-coqui plots could be used as 
baselines for monitoring post-invasion communities over time.  Sometimes, impacts are 
more pronounced at the forefront of an invasion, and community responses may 
eventually reach another state of equilibrium over time (Morrison 2002).  Repeat 
monitoring of the invertebrate community at regular intervals would give us a better idea 
of the temporal response to the coqui invasion.   
Another limitation of this study was that we were only able to identify 
invertebrates to the lowest recognizable taxonomic unit, and in most instances, this level 
of identification was made to scientific order.  Most of Hawaii’s endemic invertebrate 
species of concern are only identifiable by a handful of qualified taxonomic experts.  Our 
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analysis ignores these endemic species, and fails to account for the direct and indirect 
coqui impacts on these threatened invertebrates.  For example, we found that Lepidoptera 
compose > 5% of the adult coqui diet, an order that has hundreds of endemic species in 
Hawaii.  There is even an entire genus of Lepidoptera endemic to the Hawaiian Islands, 
the Hypsmocoma moths (Cosmopterigidae), a group with >350 known endemic species 
with varieties unique to each island (Zimmerman 1978).  Hyposmocoma larva have 
evolved to spin external cases and superficially resemble caddisfly larvae in terrestrial 
form (Rubinoff 2008).  In our samples, Hyposmocoma larvae were more abundant in diet 
analysis than in environmental leaf litter samples, which suggest frogs may prefer larva 
as prey.  If a study was able to identify invertebrate communities to the species level, we 
would better be able to better understand the ecological impacts of the invasion, as well 
as be able to identify sensitive habitats or populations that managers should protect from 
predation.  
Another valuable study would be able to control for the density of frogs at each 
site to draw stronger causal relationships of the invasion on the invertebrate community.  
One of the drawbacks to the ‘natural snapshot’ approach of this experiment was that we 
were unable to experimentally manipulate coqui density at each site and were limited to 
correlations to explain our observations; although, we did statistically control for coqui 
densities in our analyses.  If very large-scale enclosures were employed, researchers 
could experimentally control the density of frogs at each site and investigate whether 
there are density-dependent impacts on invertebrate communities.  This approach would 
give us more experimental control and definitive insight into the causation and impacts 
by the frogs.  However, in light of the fact that many of our results agree with previous 
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findings by small-scale enclosure experiments, taken together these results are strongly 
suggestive of the changes that are actually occurring in invertebrate communities with the 
coqui invasion. 
Based on our findings, we suggest that control measures should be taken to 
prevent the expansion of coqui populations into previously un-invaded areas.  The state 
of Hawaii already focuses on eradicating new coqui populations and managing persistent 
areas of high density.  But management has primarily been justified by the socio-
economic impacts caused by the frogs (Kraus et al. 1999).  Impacts on the real estate 
market and the devaluation of property to private landowners have been estimated at $7.6 
million (Beard et al. 2009).  Until now, no research had determined the large-scale 
ecological impacts of the coqui invasion.  Thus, our results from this study have both 
improved our understanding of the ongoing invasion and our ability to make ecological-
based management decisions of this invasive amphibian 
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Table A-1  Twenty paired sites at the coqui invasion front on the island of Hawaii.  Site 
abbreviation suffix indicate coqui presence (1) or absence (2).  Invasion indicates where 
the front was determined to be located.  Sites with (*) were removed from the final 
invertebrate analysis.  
 
Site Coordinates 
Elevation 
(m) 
Distance 
between 
sites (m) 
Camp Honokaia * CA1 20°04.02'N 155°30.95'W 738 540 
 CA2 20°03.92'N 155°31.24'W 725  
  Invasion 20°03.97'N 155°31.10'W 732   
Captain Cook CC1 19°26.61'N 155°52.65'W 390 890 
 CC2 19°27.00'N 155°52.95'W 352  
 Invasion 19°26.88'N 155°52.93'W 365  
Eden Roc ER1 19°28.86'N 155°06.15'W 586 90 
 ER2 19°28.90'N 155°06.17'W 590  
  Invasion 19°28.88'N 155°06.17'W 590   
Fern Forest FF1 19°27.65'N 155°07.42'W 698 100 
 FF2 19°27.67'N 155°07.37'W 689  
 Invasion 19°27.67'N 155°07.39'W 694  
Glenwood GL1 19°29.26'N 155°09.12'W 724 60 
 GL2 19°29.23'N 155°09.12'W 729  
  Invasion 19°29.25'N 155°09.12'W 727   
Honokaa HK1 20°06.30'N 155°32.02'W 291 110 
 HK2 20°06.30'N 155°32.08'W 290  
 Invasion 20°06.30'N 155°32.05'W 292  
Holualoa HL1 19°37.17'N 155°57.32'W 332 1000 
 HL2 19°36.68'N 155°56.98'W 408  
  Invasion 19°36.99'N 155°57.30'W 336   
Hamakua  HM1 20°04.02'N 155°30.95'W 738 420 
Forest Reserve HM2 20°03.98'N 155°31.19'W 721  
 Invasion 20°03.99'N 155°31.05'W 720  
Keei Rd* KE1 19°26.61'N 155°52.65'W 390 950 
 KE2 19°27.00'N 155°53.00'W 326  
  Invasion 19°26.81'N 155°52.83'W 364   
Kaloko Drive KO1 19°42.30'N 155°56.98'W 912 430 
 KO2 19°42.20'N 155°57.20'W 866  
 Invasion 19°42.20'N 155°57.04'W 872  
Kalopa  KP1 20°02.23'N 155°26.21'W 526 130 
State Park KP2 20°02.16'N 155°26.19'W 520  
  Invasion 20°02.18'N 155°26.21'W 525   
Kulani- KU1 19°35.92'N 155°08.15'W 550 420 
Stainback Road KU2 19°35.74'N 155°08.15'W 569  
 Invasion 19°35.78'N 155°08.03'W 547  
Manuka  MK1 19°06.82'N 155°49.25'W 677 260 
State Park A MK2 19°06.71'N 155°49.35'W 610  
  Invasion 19°06.83'N 155°49.27'W 658   
Manuka  MKB1 19°06.74'N 155°49.60'W 564 100 
State Park B MKB2 19°06.80'N 155°49.59'W 577  
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 Invasion 19°06.79'N 155°49.58'W 572  
Mountain View* MV1 19°29.26'N 155°09.12'W 724 170 
 MV2 19°29.17'N 155°09.15'W 730  
  Invasion 19°29.21'N 155°09.14'W 729   
Papa Bay* PB1 19°12.91'N 155°52.34'W 491 590 
 PB2 19°13.20'N 155°52.20'W 545  
 Invasion 19°13.21'N 155°52.26'W 525  
Paradise Park PP1 19°35.65'N 154°56.80'W 35 960 
 PP2 19°36.00'N 154°57.20'W 37  
  Invasion 19°35.96'N 154°56.57'W 37   
Saddle Road SA1 19°41.57'N 155°12.14'W 741 180 
 SA2 19°41.67'N 155°12.13'W 740  
 Invasion 19°41.65'N 155°12.12'W 747  
Waikaumalo  WM1 19°55.93'N 155°09.81'W 79 70 
State Park WM2 19°55.89'N 155°09.80'W 73  
  Invasion 19°55.90'N 155°09.81'W 75   
Waipio Road* WP1 20°06.30'N 155°32.02'W 291 160 
 WP2 20°06.31'N 155°32.28'W 287  
  Invasion 20°06.30'N 155°32.06'W 290   
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Table A-2  Collected taxa and associated feeding guild classifications (Peterson and Luxton 1982; Borror et al. 2005; Tuttle 2009). 
 
Order: Family 
Ecological groupings Peterson and 
Luxton (1982) 
Feeding Types  
Peterson and Luxton (1982) Borror et al. (2005) Tuttle (2009) Feeding Guild 
Acari Micro-saprophages Detritovores  Microbivores Microbivores 
Amphipoda Macro-saprophages Detritovores  Fragmenters Fragmenters 
Araneae Macro-predators Macro/meso-predators Predators Predators 
Blattodea   Generalists Fragmenters Fragmenters 
Chilopoda Macro-predators Macro/meso-predators Predators Predators 
Coleoptera: Other Macro-saprophages Detritovores  Fragmenters Fragmenters 
Coleoptera: Curculionidae   Herbivores, detritovores Fragmenters 
Coleoptera: Larvae   Detritovores  Fragmenters 
Coleoptera: Scolytidae   Herbivores, detritovores Fragmenters 
Coleoptera: Staphylinidae   Predators Predators Predators 
Collembola Micro-saprophages Detritovores  Microbivores Microbivores 
Dermaptera   Detritovores Fragmenters Fragmenters 
Diplopoda Macro-saprophages Detritovores  Fragmenters Fragmenters 
Diplura   Micro-predators  Predators 
Diptera: Other     Fragmenters 
Diptera: Larvae Macro-saprophages Detritovores   Fragmenters 
Diptera: Chloropidae   Detritovores  Fragmenters 
Diptera: Culicidae   Parasitic  Other 
Diptera: Sciaridae   Detritovores Microbivores Microbivores 
Diptera: Tipulidae   Detritovores  Fragmenters 
Embiidina   Detritovores  Fragmenters 
Gastropoda Macro-saprophages Herbivores, detritovores Fragmenters Fragmenters 
Hemiptera: Heteroptera   Sap-suckers  Herbivores 
Hemiptera: Auchenorrhyncha  Sap-suckers  Herbivores 
Hemiptera: Sternorrhyncha   Sap-suckers  Herbivores 
Hymenoptera: Formicidae Macro-predators Macro/meso-predators Predators Predators 
Hymenoptera: Wasp   Predators  Predators 
Hymenoptera: Other     Herbivores 
Isopoda Macro-saprophages Detritovores  Fragmenters Fragmenters 
Isoptera Macro-saprophages Detritovores   Fragmenters 
Larvae, unident     Fragmenters 
Lepidoptera   Nectivores  Other 
Lepidoptera: Larvae Macro-saprophages Detritovores Herbivores  Herbivores 
Neuroptera   Predators  Predators 
Neuroptera: Larvae   Predators  Predators 
Orthoptera   Herbivores  Herbivores 
Oligochaeta Macro-saprophages Detritovores   Fragmenters 
Pauropoda Micro-saprophages Detritovores   Fragmenters 
Pseudoscorpionida Macro-predators Macro/meso-predators  Predators 
Psocoptera   Herbivores, detritovores Fragmenters Fragmenters 
Thysanoptera   Sap-suckers  Herbivores 
Turbellaria     Fragmenters 
Unknown NONE NONE     Other 
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Table A-3  Site-specific model analyses from Program DISTANCE.   
Site Models 
# para-
meters 
Delta 
AIC AIC AICc 
Effective 
Strip 
Width (m) 
Density 
(frogs/Ha) 
Lower 
95% CI 
Upper 
95% CI 
Coefficient 
of Variance 
Kolmogorov-
Smirnov GOF 
Test (p) 
CC Hazard hermite 2 0.00 333.851 333.900 0.95 6983.36 4282.38 11387.91 0.225 0.098 
CC Hazard simple 2 0.00 333.851 333.900 0.95 6983.36 4282.38 11387.91 0.225 0.098 
CC Hazard cosine 2 0.00 333.851 333.900 0.95 6983.36 4282.38 11387.91 0.225 0.098 
CC Uniform cosine 2 0.58 334.430 334.480 1.17 5692.28 3561.36 9098.23 0.195 0.009 
ER Uniform simple 0 0.00 145.328 145.328 2.40 960.65 737.81 1250.79 0.103 0.194 
ER Hazard cosine 2 0.67 146.000 146.150 2.16 1069.03 810.90 1409.32 0.126 0.088 
ER Half-normal hermite 1 1.39 146.714 146.764 2.18 1055.62 750.38 1485.03 0.168 0.099 
FF Uniform cosine 0 0.00 45.815 45.815 2.50 416.67 153.13 1133.79 0.322 0.864 
FF Uniform simple 0 0.00 45.815 45.815 2.50 416.67 153.13 1133.79 0.322 0.864 
FF Half-normal cosine 1 2.00 47.815 47.989 2.50 416.71 167.46 1036.94 0.389 0.864 
FF Half-normal hermite 1 2.00 47.815 47.989 2.50 416.71 167.46 1036.94 0.389 0.864 
FF Hazard cosine 2 4.00 49.815 50.360 2.50 416.67 153.13 1133.78 0.322 0.864 
GL Uniform simple 0 0.00 73.296 73.296 2.30 531.40 220.99 1277.80 0.352 0.327 
GL Uniform cosine 0 0.00 73.296 73.296 2.30 531.40 220.99 1277.80 0.352 0.327 
GL Half-normal cosine 1 0.84 74.136 74.231 1.93 633.18 264.15 1517.77 0.383 0.959 
GL Half-normal hermite 1 0.84 74.136 74.231 1.93 633.18 264.15 1517.77 0.383 0.959 
HK Uniform cosine 1 0.00 76.360 76.447 1.50 887.94 523.34 1506.56 0.231 0.807 
HK Half-normal hermite 1 0.80 77.157 77.244 1.54 865.34 507.51 1475.45 0.238 0.726 
HK Half-normal cosine 1 0.80 77.157 77.244 1.54 865.34 507.51 1475.45 0.238 0.726 
HK Uniform simple 2 1.79 78.152 78.419 1.50 887.99 514.98 1531.21 0.250 0.812 
HL Uniform cosine 2 0.00 80.000 80.255 1.27 1089.55 587.71 2019.92 0.284 0.886 
HL Hazard hermite 2 1.09 81.087 81.342 1.26 1103.96 548.59 2221.56 0.345 0.906 
HL Hazard cosine 2 1.09 81.087 81.342 1.26 1103.96 548.59 2221.56 0.345 0.906 
HM Uniform simple 0 0.00 47.650 47.647 2.50 346.67 192.57 624.08 0.214 0.596 
HM Half-normal cosine 1 2.00 49.647 49.814 2.50 346.67 188.02 639.19 0.285 0.596 
HM Half-normal hermite 1 2.00 49.647 49.814 2.50 346.67 188.02 639.19 0.285 0.596 
HM Hazard cosine 2 4.00 51.647 52.169 2.50 346.67 192.57 624.08 0.214 0.596 
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KO Uniform cosine 1 0.00 57.026 57.159 1.75 506.51 263.57 973.35 0.292 0.571 
KO Hazard cosine 2 1.70 58.721 59.135 1.57 565.97 222.07 1442.42 0.484 0.391 
KP Uniform cosine 0 0.00 16.493 16.493 2.50 120.00 67.79 212.41 0.208 0.460 
KP Hazard cosine 2 4.00 20.493 22.493 2.50 120.00 67.79 212.41 0.208 0.460 
KU Uniform cosine 0 0.00 62.308 62.308 2.50 377.78 273.49 521.83 0.126 0.024 
KU Hazard cosine 2 4.00 66.308 66.695 2.50 377.78 273.49 521.83 0.126 0.024 
MK Half-normal cosine 2 0.00 208.313 208.413 1.34 2556.21 1843.75 3543.97 0.162 0.184 
MK Hazard cosine 3 0.94 209.257 209.459 1.35 2524.43 1834.59 3473.65 0.158 0.182 
MK Hazard polynomial 2 3.29 211.607 211.707 1.49 2288.39 1489.10 3516.71 0.218 0.464 
MK Hazard simple 2 3.29 211.607 211.707 1.49 2288.39 1489.10 3516.71 0.218 0.464 
MKB Half-normal cosine 2 0.00 95.571 95.789 1.21 1336.48 796.33 2243.02 0.249 0.676 
MKB Hazard cosine 2 1.64 97.214 97.432 1.27 1272.60 647.26 2502.11 0.344 0.754 
PP Uniform simple 0 0.00 69.638 69.638 2.50 422.22 247.20 721.15 0.211 0.364 
PP Uniform cosine 0 0.00 69.638 69.638 2.50 422.22 247.20 721.15 0.211 0.364 
PP Hazard simple 2 1.82 71.460 71.803 2.13 496.39 285.30 863.65 0.253 0.699 
PP Hazard cosine 2 1.82 71.460 71.803 2.13 496.39 285.30 863.65 0.253 0.699 
SA Uniform cosine 0 0.00 91.049 91.049 2.40 601.85 307.38 1178.41 0.266 0.458 
SA Half-normal cosine 1 1.87 92.919 92.999 2.27 636.03 320.52 1262.12 0.312 0.356 
SA Hazard cosine 2 3.12 94.174 94.419 2.22 650.97 332.64 1273.93 0.291 0.293 
WM Half-normal cosine 2 0.00 193.767 193.863 1.11 3185.76 1683.37 6029.03 0.273 0.546 
WM Uniform cosine 3 1.27 195.041 195.236 1.06 3318.89 1752.85 6284.06 0.275 0.482 
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Environmental Data and Equivalence Tests 
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We analyzed paired environmental data using two one-sided tests for equivalence 
using the tost function in the Equivalence package in R 2.0.1 (Robinson 2010).  The tost 
function computes a bioequivalence test for paired samples, and is a descriptive approach 
to determining the extent of similarity between sites (Schuirmann 1981; Westlake 1981).  
We used a priori constraints or epsilon values, which are the calculated region of 
similarity for paired sites, to limit the paired sites that we considered similar.  Epsilon 
values were selected to incorporate observed variability in environmental measurements, 
like variation in percent cover.  For example, we chose a higher epsilon value of 12 for 
paired sites with patchy canopy and a lower value of seven for sites with full cover (Fig. 
B-1a).  Paired sites with means that deviated from zero or exceeded the region of 
similarity for more than one measurement were removed from analyses on the effects of 
coquis because they were deemed to differ in variables other than coqui presence/absence 
(Steidl et al. 1997).  Five of 20 sites were removed from further analyses. 
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A) 
 
 
 
B) 
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C) 
 
D) 
 
 
Fig. B-1  Equivalence comparison of environmental measurements: (A) canopy cover; 
(B) ground cover; (C) stem density; and (D) understory density.  Data were collected 
from 15 paired study sites that remained in the analysis and 5 that were excluded: (n = 
100 percent canopy, 100 percent ground cover, 40 understory density, 36 sub-plot stem 
density).  Circles indicate mean differences between paired sites, and include upper and 
lower 95% confidence intervals.  Dashed lines show a priori biological region of 
similarity (epsilon values) for equivalence test paired site comparisons.  Excluded sites 
are labeled, and those that exceed the biological level of equivalence for the given 
variable are marked with (*). 
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Table B-1  Equivalence results from comparison of environmental measurements from 
20 paired study sites on the island of Hawaii (n = 100 canopy measurements).  Bold 
alternative site pairings demonstrate environmental measurements that exceeded 
acceptable parameters.   
 
Canopy 
Site 
Mean % 
canopy Epsilon P-value 
Mean 
diff SE diff 
CA* 95.4850 7 0.9960 -8.8700 0.6917 
CC 88.8400 7 0.0277 -3.6000 1.7625 
ER 48.2150 12 0.0098 -2.5500 4.0141 
FF 82.2700 7 0.0110 -1.0800 2.5597 
GL 90.0550 7 0.0009 -1.7900 1.6475 
HK 63.8200 12 0.0070 -3.0400 3.6121 
HL 89.7700 7 0.0039 -2.9200 1.5188 
HM 95.4850 7 0.0000 0.0900 0.1716 
KE* 88.8400 7 1.0000 -40.270 4.0614 
KO 92.8600 7 0.0000 -0.3800 0.5120 
KP 95.7100 7 0.0000 0.0800 0.0703 
KU 95.0700 7 0.0000 0.0800 0.3334 
MK 91.1050 7 0.0000 -1.2500 0.6351 
MKB 82.4950 7 0.0000 0.8300 1.2569 
MV* 90.0550 7 0.0750 4.7700 1.1926 
PB* 94.4300 7 0.8601 -8.4800 1.3623 
PP 25.7150 12 0.0382 4.5700 4.1724 
SA 54.4950 12 0.0090 1.9500 4.2127 
WM 94.0200 7 0.0000 0.8400 0.8432 
WP* 63.8200 12 0.7634 14.0500 2.8486 
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Table B-2  Equivalence results from comparison of environmental measurements from 
20 paired study sites on the island of Hawaii (n = 100 ground cover measurements).  Bold 
alternative site pairings demonstrate environmental measurements that exceeded 
acceptable parameters.   
 
Ground 
Site 
Mean % 
ground Epsilon P-value 
Mean 
diff SE diff 
CA* 69.0000 2 0.0007 -0.3900 0.4986 
CC 56.1250 5 0.0000 -0.3400 0.4971 
ER 83.1563 2 0.0189 -0.6900 0.6261 
FF 59.5938 5 0.0001 2.2500 0.7359 
GL 52.1250 5 0.0000 0.1400 0.5477 
HK 80.9375 2 0.0039 0.0600 0.7227 
HL 39.4063 5 0.0000 0.7500 0.5424 
HM 69.0000 2 0.0455 1.2800 0.4238 
KE* 56.1250 5 0.0045 -3.5200 0.5596 
KO 37.0625 5 0.0000 -0.1600 0.4304 
KP 71.8438 2 0.0000 0.2300 0.4172 
KU 38.8125 5 0.0000 -0.2400 0.3950 
MK 35.0313 5 0.0000 -0.6500 0.5518 
MKB 26.1563 2 0.0000 0.1900 0.3150 
MV* 52.1250 5 0.8392 5.4100 0.4121 
PB* 30.2500 2 0.9704 -2.9200 0.4846 
PP 68.5000 2 0.0001 -0.3600 0.4378 
SA 52.8750 5 0.0081 2.7600 0.9236 
WM 38.0938 5 0.0000 2.2100 0.6031 
WP* 80.9375 2 1.0000 -6.2400 0.8481 
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Table B-3  Equivalence results from comparison of environmental measurements from 
20 paired study sites on the island of Hawaii (n = 40 Nudds understory photographs).  
Bold alternative site pairings demonstrate environmental measurements that exceeded 
acceptable parameters.   
 
Nudds 
Site 
Mean  
Nudds Epsilon P-value 
Mean 
diff SE diff 
CA* 44.8600 20 0.7280 22.8250 4.6322 
CC 45.6271 30 0.0477 -14.6045 9.1211 
ER 73.5135 20 0.0022 -2.3788 6.0088 
FF 83.6453 20 0.0004 2.4218 5.0223 
GL 81.6370 20 0.0011 6.9203 4.1248 
HK 82.6995 20 0.0302 -9.1863 5.6684 
HL 83.6120 20 0.0001 1.5218 4.5827 
HM 23.2365 30 0.0000 2.3995 3.8757 
KE* 3.2600 20 1.0000 -49.6680 6.4230 
KO 48.5630 30 0.0034 13.1715 6.0407 
KP 23.2229 30 0.0000 7.9640 4.6253 
KU 54.0078 30 0.0000 -7.0780 5.2645 
MK 31.8833 30 0.0000 -0.8360 4.7517 
MKB 34.8323 30 0.0000 -3.9925 5.9451 
MV* 16.9900 20 1.0000 -61.1875 3.9000 
PB* 30.4900 20 0.0006 -0.8730 5.6612 
PP 56.5745 30 0.0000 6.2028 5.6609 
SA 75.5229 20 0.0233 7.3843 6.2324 
WM 56.6526 30 0.0004 -4.2948 7.3506 
WP* 39.0000 20 0.9999 -48.2940 7.1801 
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Table B-4  Equivalence results from comparison of environmental measurements from 
20 paired study sites on the island of Hawaii (n = 36 sub-plot stem counts per site).  Bold 
alternative site pairings demonstrate environmental measurements that exceeded 
acceptable parameters.   
 
Stem 
Site 
Mean 
stem Epsilon P-value 
Mean 
diff SE diff 
CA* 2.6667 2.5 0.0014 -1.3889 0.3538 
CC 0.5694 1 0.0003 -0.3056 0.1910 
ER 0.9722 1 0.0003 0.0000 0.2759 
FF 1.7361 2.5 0.0000 -0.0278 0.3111 
GL 0.1389 1 0.0000 0.2222 0.1044 
HK 0.5694 1 0.0005 0.0278 0.2812 
HL 0.1389 1 0.0000 0.0556 0.1277 
HM 2.6667 2.5 0.0000 -0.6111 0.4266 
KE* 0.5694 1 0.0004 -0.2778 0.2034 
KO 2.3194 2.5 0.0000 -0.1944 0.3124 
KP 1.8333 2.5 0.0001 1.2778 0.3170 
KU 1.5417 2.5 0.0000 -0.0833 0.3881 
MK 1.5278 2.5 0.0000 -0.0556 0.4158 
MKB 1.9028 2.5 0.0000 -0.4167 0.3202 
MV* 0.1389 1 0.0000 0.1111 0.1171 
PB* 3.4028 2.5 0.6222 2.7500 0.7994 
PP 0.0556 1 0.0000 0.0000 0.0548 
SA 0.7222 1 0.0000 -0.1111 0.1996 
WM 3.2639 2.5 0.0168 -1.1944 0.6018 
WP* 0.5694 1 0.9422 1.5556 0.3478 
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Fig. C-1  Mean number of leaf litter invertebrates (± 1SE) collected at each of the 15 
paired sites on the Island of Hawaii.   
 
 
Fig. C-2  Mean number of flying invertebrates (± 1SE) collected at each of the 15 paired 
sites on the Island of Hawaii.   
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Fig. C-3  Mean number of foliage insects (± 1SE) collected at each of the 15 paired sites 
on the Island of Hawaii.  
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Table C-1  Site-specific MANOVA analyses comparing the effects of invasive coqui 
frogs on leaf liter invertebrate community data at 15 paired sites on the island of Hawaii 
(LL = Leaf Litter).  Bold indicates test significance (P < 0.10).  Site specific p-values 
with largest shifts from non-coqui to coqui sites from PCA indicated with (*). 
  
  LL Total Taxa LL Feeding Guild 
Site F Model R
2
 Pr(>F) F Model R
2
 Pr(>F) 
CC 1.9398 0.1952 0.064* 0.1754 0.0215 0.919 
ER 0.8716 0.0982 0.447 0.5801 0.0676 0.486 
FF 1.7725 0.1814 0.126 1.5115 0.1589 0.242 
GL 0.7266 0.0833 0.568 0.0701 0.0087 0.919 
HK 1.2854 0.1384 0.317 1.0831 0.1192 0.400 
HL 1.9455 0.1956 0.095* 0.7875 0.0896 0.430 
HM 3.5848 0.3094 0.016* 5.3944 0.4027 0.011* 
KO 1.4020 0.1491 0.235 1.0403 0.1151 0.357 
KP 1.3222 0.1418 0.320 1.2845 0.1383 0.355 
KU 0.6452 0.0746 0.615 0.2313 0.0281 0.893 
MK 2.1542 0.2122 0.082* 2.3019 0.2234 0.096* 
MKB 0.3923 0.0467 0.716 0.4138 0.0492 0.649 
PP 2.9879 0.2719 0.045 3.4951 0.3041 0.045 
SA 2.5658 0.2428 0.087 1.2231 0.1326 0.327 
WM 1.3574 0.1451 0.196 1.8998 0.1919 0.133 
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Table C-2  Site-specific MANOVA analyses comparing the effects of invasive coqui 
frogs on flying invertebrate community data at 15 paired sites on the island of Hawaii 
(STK = Sticky Trap).  Bold indicates test significance (P < 0.10).  Site specific p-values 
with largest shifts from non-coqui to coqui sites from PCA indicated with (*). 
 
  STK Total Taxa STK Feeding Guild 
Site F Model R
2
 Pr(>F) F Model R
2
 Pr(>F) 
CC 2.3003 0.2233 0.036* 5.3223 0.3995 0.001* 
ER 1.4515 0.1536 0.197 1.1645 0.1271 0.345 
FF 0.4953 0.0583 0.789 0.3048 0.0367 0.897 
GL 0.8231 0.0933 0.509 0.4097 0.0487 0.852 
HK 0.9869 0.1098 0.423 0.9215 0.1033 0.506 
HL 0.7496 0.0857 0.492 0.4420 0.0524 0.706 
HM 0.6830 0.0787 0.631 0.1078 0.0133 0.916 
KO 1.8978 0.1917 0.129 1.1225 0.1230 0.362 
KP 0.9790 0.1090 0.365 0.5432 0.0636 0.701 
KU 1.4492 0.1534 0.259 1.0848 0.1194 0.388 
MK 2.5207 0.2396 0.020 4.8725 0.3785 0.019 
MKB 2.4633 0.2354 0.062 4.7919 0.3746 0.011 
PP 1.7433 0.1789 0.093 1.0959 0.1205 0.393 
SA 9.6132 0.5458 < 0.001* 6.2054 0.4368 0.001* 
WM 4.8785 0.3788 0.007* 3.1506 0.2826 0.029 
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Table C-3  Site-specific MANOVA analyses comparing the effects of invasive coqui 
frogs on foliage invertebrate community data at 15 paired sites on the island of Hawaii 
(VAC = Vacuum sample).  Bold indicates test significance (P < 0.10).  Site specific p-
values with largest shifts from non-coqui to coqui sites from PCA indicated with (*). 
 
  VAC Total Taxa VAC Feeding Guild 
Site F Model R
2
 Pr(>F) F Model R
2
 Pr(>F) 
CC 7.7174 0.4910 < 0.001* 8.6666 0.5200 < 0.001* 
ER 1.6562 0.2488 0.171 0.8034 0.1384 0.621 
FF 2.7943 0.2853 0.062 2.3213 0.2490 0.126 
GL 0.9767 0.1400 0.449 1.3766 0.1866 0.195 
HK 1.6897 0.1744 0.148 1.4123 0.1500 0.259 
HL 1.2203 0.1323 0.255 0.8464 0.0957 0.518 
HM 1.3418 0.1436 0.223 2.2353 0.2184 0.139 
KO 1.1673 0.1273 0.296 1.0380 0.1149 0.370 
KP 1.2248 0.1695 0.309 1.1064 0.1557 0.441 
KU 0.6305 0.0731 0.662 0.2359 0.0286 0.835 
MK 2.0222 0.2521 0.026 2.0428 0.2540 0.056 
MKB 0.5322 0.0624 0.804 1.0964 0.1205 0.461 
PP 1.1690 0.1275 0.317 0.8173 0.0927 0.489 
SA 1.6089 0.1674 0.208 0.4890 0.0576 0.784 
WM 1.1736 0.1436 0.331 0.4813 0.0643 0.803 
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  A) 
 
B) 
 
C) 
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  D) 
 
  E) 
 
 
Fig. C-4  Community abundance PCAs conducted on (A) invertebrates collected by leaf 
litter by taxa; (B) invertebrates collected by sticky trap by feeding guild and (C) taxa; (D) 
invertebrates collected by vacuum sample by feeding guild and (E) taxa.  Data were 
collected at 15 paired sites on the island of Hawaii 
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A) 
 
B) 
 
  C) 
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  D) 
 
  E) 
  
Fig. C-5  Community presence/absence  PCAs conducted on (A) invertebrates extracted 
from leaf litter by feeding guild and (B) taxa; (C) invertebrates collected by sticky trap by 
feeding guild; (D) invertebrates collected by vacuum sample by feeding guild and (E) 
taxa.  Data were collected at 15 paired sites on the island of Hawaii 
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A)    
 
  B) 
 
  C) 
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  D) 
 
 
 
 
  E) 
 
Fig. C-6  ANOVA results for invertebrate feeding guilds and taxonomic orders extracted 
from leaf litter by treatment: (A) fragmenter, (B) predator, (C) Collembola, (D) 
Hymenoptera, and (E) Isopoda.  Data were collected at 15 paired sites on the island of 
Hawaii.  Sites are ordered by lowest to highest site-specific coqui densities, and 
significant (P < 0.10) interactions are marked with (*). 
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  B) 
 
C) 
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D) 
 
  
  E) 
  
Fig. C-7  ANOVA results for invertebrate feeding guilds and taxonomic orders collected 
on sticky traps by treatment: (A) total abundance, (B) fragmenter, (C) herbivore, (D) 
Hemiptera, and (E) Hymenoptera.  Data were collected at 15 paired sites on the island of 
Hawaii.  Sites are ordered by lowest to highest site-specific coqui densities, and 
significant (P < 0.10) interactions are marked with (*). 
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A) 
 
 
 
 
  B) 
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  C) 
 
 
Fig. C-8  ANOVA results for invertebrate feeding guilds and taxonomic orders collected 
by vacuum sample by treatment: (A) total abundance, (B) predator, and (C) 
Hymenoptera.  Data were collected at 15 paired sites on the island of Hawaii.  Sites are 
ordered by lowest to highest site-specific coqui densities, and significant (P < 0.10) 
interactions are marked with (*). 
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A) 
 
B) 
 
C)  
\D 
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D) 
 
 
Fig. C-9  ANOVA results for invertebrate orders collected in diet samples by age class 
(adult/juvenile): (A) total abundance, (B) Amphipoda, (C) Coleoptera, (D) Isopoda.  Diet 
for both age classes were collected at eight paired sites on the island of Hawaii.  Sites are 
ordered by lowest to highest site-specific coqui densities, and significant (P < 0.10) 
interactions are marked with (*). 
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 Table C-4  ANOVA results for Total abundance in leaf litter samples 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Leaf Litter 1 120 10.89 0.0013 
Site Leaf Litter 14 120 11.63 <.0001 
Treatment*Site Leaf Litter 14 120 1.16 0.3153 
 
Table C-5  ANOVA results for Fragmenter abundance in leaf litter samples 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Leaf Litter 1 120 0.22 0.6390 
Site Leaf Litter 14 120 33.82 <.0001 
Treatment*Site Leaf Litter 14 120 2.28 0.0086 
 
Table C-6  ANOVA results for Herbivore abundance in leaf litter samples 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Leaf Litter 1 120 4.71 0.0319 
Site Leaf Litter 14 120 8.36 <.0001 
Treatment*Site Leaf Litter 14 120 1.77 0.0517 
 
Table C-7  ANOVA results for Microbivore abundance in leaf litter samples 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Leaf Litter 1 120 9.17 0.0030 
Site Leaf Litter 14 120 9.78 <.0001 
Treatment*Site Leaf Litter 14 120 1.23 0.2613 
 
Table C-8  ANOVA results for Predator abundance in leaf litter samples 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Leaf Litter 1 112 3.26 0.0738 
Site Leaf Litter 13 112 11.71 <.0001 
Treatment*Site Leaf Litter 13 112 4.00 <.0001 
 
Table C-9  ANOVA results for Acari abundance in leaf litter samples 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Leaf Litter 1 120 9.80 0.0022 
Site Leaf Litter 14 120 11.56 <.0001 
Treatment*Site Leaf Litter 14 120 1.11 0.3589 
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Table C-10  ANOVA results for Collembola abundance in leaf litter samples 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Leaf Litter 1 120 2.59 0.1102 
Site Leaf Litter 14 120 15.67 <.0001 
Treatment*Site Leaf Litter 14 120 4.12 <.0001 
 
Table C-11  ANOVA results for Hymenoptera abundance in leaf litter samples 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Leaf Litter 1 112 5.39 0.0220 
Site Leaf Litter 13 112 10.34 <.0001 
Treatment*Site Leaf Litter 13 112 5.18 <.0001 
 
Table C-12  ANOVA results for Isopoda abundance in leaf litter samples 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Leaf Litter 1 120 1.96 0.1637 
Site Leaf Litter 14 120 16.08 <.0001 
Treatment*Site Leaf Litter 14 120 3.40 0.0001 
 
Table C-13  ANOVA results for Total abundance in sticky traps 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Sticky Trap 1 120 1.21 0.2727 
Site Sticky Trap 14 120 11.22 <.0001 
Treatment*Site Sticky Trap 14 120 2.64 0.0022 
 
Table C-14  ANOVA results for Fragmenter abundance in sticky traps 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Sticky Trap 1 120 1.62 0.2062 
Site Sticky Trap 14 120 8.11 <.0001 
Treatment*Site Sticky Trap 14 120 2.33 0.0069 
 
Table C-15  ANOVA results for Herbivore abundance in sticky traps 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Sticky Trap 1 120 2.52 0.1152 
Site Sticky Trap 14 120 19.88 <.0001 
Treatment*Site Sticky Trap 14 120 3.45 0.0001 
 
Table C-16  ANOVA results for Microbivore abundance in sticky traps 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Sticky Trap 1 120 1.13 0.2903 
Site Sticky Trap 14 120 7.40 <.0001 
Treatment*Site Sticky Trap 14 120 1.74 0.0558 
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Table C-17  ANOVA results for Predator abundance in sticky traps 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Sticky Trap 1 120 0.42 0.5166 
Site Sticky Trap 14 120 1.75 <.0001 
Treatment*Site Sticky Trap 14 120 0.34 0.9866 
 
Table C-18  ANOVA results for Collembola abundance in sticky traps 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Sticky Trap 1 88 1.11 0.2945 
Site Sticky Trap 10 88 6.74 <.0001 
Treatment*Site Sticky Trap 10 88 1.40 0.1924 
 
Table C-19  ANOVA results for Diptera abundance in sticky traps 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Sticky Trap 1 120 5.31 0.0230 
Site Sticky Trap 14 120 7.72 <.0001 
Treatment*Site Sticky Trap 14 120 1.62 0.0839 
 
Table C-20  ANOVA results for Hemiptera abundance in sticky traps 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Sticky Trap 1 96 0.28 0.5977 
Site Sticky Trap 11 96 5.60 <.0001 
Treatment*Site Sticky Trap 11 96 2.31 0.0146 
 
Table C-21  ANOVA results for Hymenoptera abundance in sticky traps 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Sticky Trap 1 120 1.14 0.2869 
Site Sticky Trap 14 120 18.55 <.0001 
Treatment*Site Sticky Trap 14 120 4.44 <.0001 
 
Table C-22  ANOVA results for Total abundance in vacuum samples 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Vacuum 1 120 0.09 0.7670 
Site Vacuum 14 120 4.99 <.0001 
Treatment*Site Vacuum 14 120 2.44 0.0048 
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Table C-23  ANOVA results for Fragmenter abundance in vacuum samples 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Vacuum 1 104 0.23 0.6291 
Site Vacuum 12 104 5.27 <.0001 
Treatment*Site Vacuum 12 104 1.36 0.1996 
 
Table C-24  ANOVA results for Herbivore abundance in vacuum samples 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Vacuum 1 120 1.49 0.2244 
Site Vacuum 14 120 1.24 0.2557 
Treatment*Site Vacuum 14 120 0.36 0.9835 
 
Table C-25  ANOVA results for Microbivore abundance in vacuum samples 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Vacuum 1 120 0.02 0.8826 
Site Vacuum 14 120 5.09 <.0001 
Treatment*Site Vacuum 14 120 1.63 0.0803 
 
Table C-26  ANOVA results for Predator abundance in vacuum samples 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Vacuum 1 96 0.12 0.7334 
Site Vacuum 11 96 2.91 0.0024 
Treatment*Site Vacuum 11 96 2.76 0.0038 
 
Table C-27  ANOVA results for Acari abundance in vacuum samples 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Vacuum 1 120 2.58 0.1110 
Site Vacuum 14 120 6.80 <.0001 
Treatment*Site Vacuum 14 120 1.54 0.1085 
 
Table C-28  ANOVA results for Araneae abundance in vacuum samples    
Effect Model Num DF Den DF F Value Pr > F 
Treatment Vacuum 1 56 1.47 0.2303 
Site Vacuum 6 56 0.86 0.5284 
Treatment*Site Vacuum 6 56 0.97 0.4559 
  
Table C-29  ANOVA results for Collembola abundance in vacuum samples 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Vacuum 1 96 0.01 0.9029 
Site Vacuum 11 96 2.25 0.0176 
Treatment*Site Vacuum 11 96 1.20 0.2984 
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Table C-30  ANOVA results for Diptera abundance in vacuum samples 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Vacuum 1 120 1.05 0.3085 
Site Vacuum 14 120 1.57 0.0963 
Treatment*Site Vacuum 14 120 0.75 0.7215 
 
Table C-31  ANOVA results for Hymenoptera abundance in vacuum samples 
Effect Model Num DF Den DF F Value Pr > F 
Treatment Vacuum 1 40 0.15 0.7018 
Site Vacuum 4 40 4.10 0.0071 
Treatment*Site Vacuum 4 40 8.26 <.0001 
 
Table C-32  ANOVA results for Total abundance in diet samples 
Effect Model Num DF Den DF F Value Pr > F 
Age Diet 1 603 81.23 <.0001 
Site Diet 7 603 5.91 <.0001 
Age*Site Diet 7 603 3.75 0.0005 
 
Table C-33  ANOVA results for Acari abundance in diet samples 
Effect Model Num DF Den DF F Value Pr > F 
Age Diet 1 603 54.16 <.0001 
Site Diet 7 603 1.88 0.0702 
Age*Site Diet 7 603 0.93 0.4795 
 
Table C-34  ANOVA results for Amphipoda abundance in diet samples 
Effect Model Num DF Den DF F Value Pr > F 
Age Diet 1 603 0.74 0.3906 
Site Diet 7 603 10.19 <.0001 
Age*Site Diet 7 603 2.91 0.0053 
 
Table C-35  ANOVA results for Araneae abundance in diet samples 
Effect Model Num DF Den DF F Value Pr > F 
Age Diet 1 603 7.39 0.0067 
Site Diet 7 603 3.64 0.0007 
Age*Site Diet 7 603 1.30 0.2455 
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Table C-36  ANOVA results for Coleoptera abundance in diet samples 
Effect Model Num DF Den DF F Value Pr > F 
Age Diet 1 575 10.60 0.0012 
Site Diet 6 575 20.08 <.0001 
Age*Site Diet 6 575 8.59 <.0001 
 
Table C-37  ANOVA results for Collembola abundance in diet samples 
Effect Model Num DF Den DF F Value Pr > F 
Age Diet 1 603 54.20 <.0001 
Site Diet 7 603 10.84 <.0001 
Age*Site Diet 7 603 1.37 0.2135 
 
Table C-38  ANOVA results for Hymenoptera abundance in diet samples 
Effect Model Num DF Den DF F Value Pr > F 
Age Diet 1 564 2.07 0.1505 
Site Diet 6 564 22.65 <.0001 
Age*Site Diet 6 564 1.82 0.0931 
 
Table C-39  ANOVA results for Isopoda abundance in diet samples 
Effect Model Num DF Den DF F Value Pr > F 
Age Diet 1 575 31.43 <.0001 
Site Diet 6 575 10.48 <.0001 
Age*Site Diet 6 575 3.59 0.0017 
 
Table C-40  ANOVA results for Lepidoptera abundance in diet samples 
Effect Model Num DF Den DF F Value Pr > F 
Age Diet 1 537 1.66 0.1984 
Site Diet 5 537 14.25 <.0001 
Age*Site Diet 5 537 0.99 0.4207 
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Appendix D 
 
 
Correlation Tests 
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E) 
 
 
 
  F) 
 
 
Fig. D-1  Scatterplots and regression of leaf litter (A) Acari (B) Amphipoda (C) 
Coleoptera and (D) Total abundance, and flying (E) Hymenoptera and (F) Total 
abundance on total frog density / ha at 15 sites.   
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Table D-1  Correlation comparison of leaf litter invertebrate taxa reduction (difference 
between non-coqui and coqui sites) with site-specific frog densities at 15 (full) and 14 
(reduced, missing high density CC) sites on the island of Hawaii.  Investigated orders are 
prominent taxa comprising >5% of environmental and diet samples.  Bold value indicates 
significant correlation (P < 0.05).  
 
Leaf litter invertebrate reduction 
correlation FULL REDUCED 
Taxa R
2
 P-value R
2
 P-value 
Acari 0.5250 0.0445 0.4154 0.1397 
Amphipoda 0.1127 0.6892 0.3524 0.2165 
Araneae 0.0987 0.7263 0.3448 0.2274 
Coleoptera  -0.2728 0.3253 -0.4383 0.1170 
Collembola -0.4286 0.1110 -0.2967 0.3030 
Diptera 0.1394 0.6203 0.2153 0.4597 
Hemiptera  0.0794 0.7784 -0.0757 0.7972 
Hymenoptera  -0.2143 0.4431 0.0330 0.9109 
Isopoda -0.0571 0.8397 0.1604 0.5838 
Total 0.2786 0.3147 0.2220 0.4456 
 
 
 
Table D-2  Correlation comparison of leaf litter invertebrate taxa abundance with site-
specific frog densities at 15 (full) and 14 (reduced, missing high density CC) sites on the 
island of Hawaii.  Investigated orders are prominent taxa comprising >5% of 
environmental and diet samples.  Bold values indicate significant correlation (P < 0.05).  
 
Leaf litter invertebrate density 
correlation  FULL REDUCED 
Taxa R
2
 P-value R
2
 P-value 
Acari 0.4143 0.1247 0.2791 0.3338 
Amphipoda 0.4784 0.0712 0.4457 0.1102 
Araneae 0.5738 0.0253 0.7105 0.0044 
Coleoptera  0.4637 0.0817 0.2426 0.4034 
Collembola -0.0572 0.8396 -0.2486 0.3914 
Diptera 0.1547 0.5819 -0.0450 0.8786 
Hemiptera  0.6100 0.0157 0.6079 0.0211 
Hymenoptera  0.2288 0.4121 0.0506 0.8636 
Isopoda 0.0858 0.7611 0.1122 0.7025 
Total 0.4071 0.1320 0.2703 0.3499 
 
 
 
  
99 
Table D-3  Correlation comparison of leaf litter invertebrate feeding guild reduction 
(difference between non-coqui and coqui sites) with site-specific frog densities at 15 
(full) and 14 (reduced, missing high density CC) sites on the island of Hawaii.  
Investigated orders are prominent taxa comprising >5% of environmental and diet 
samples.  
 
Leaf litter feeding guild reduction 
correlation FULL REDUCED 
Feeding guild R
2
 P-value R
2
 P-value 
Fragmenter 0.0429 0.8795 -0.0901 0.7593 
Herbivore 0.1537 0.5844 0.1078 0.7137 
Microbivore 0.2536 0.3618 0.1648 0.5733 
Predator  -0.0715 0.8001 0.1430 0.6257 
 
 
 
Table D-4  Correlation comparison of leaf litter invertebrate feeding guild abundance 
with site-specific frog densities at 15 (full) and 14 (reduced, missing high density CC) 
sites on the island of Hawaii.  Investigated orders are prominent taxa comprising >5% of 
environmental and diet samples.   
 
Leaf litter feeding guild density 
correlation FULL REDUCED 
Feeding guild R
2
 P-value R
2
 P-value 
Fragmenter 0.2679 0.3344 0.1824 0.5325 
Herbivore 0.3864 0.1548 0.4031 0.1530 
Microbivore 0.3393 0.2160 0.1868 0.5225 
Predator  0.4562 0.0874 0.3304 0.2486 
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Table D-5  Correlation comparison of flying invertebrate taxa reduction (difference 
between non-coqui and coqui sites) with site-specific frog densities at 15 (full) and 14 
(reduced, missing high density CC) sites on the island of Hawaii.  Investigated orders are 
prominent taxa comprising >5% of environmental and diet samples.  Bold value indicates 
significant correlation (P < 0.05).  
 
Flying invertebrate reduction correlation FULL REDUCED 
Taxa R
2
 P-value R
2
 P-value 
Acari -0.4666 0.0795 -0.3523 0.2167 
Amphipoda - - - - 
Araneae 0.2428 0.3833 0.4900 0.0753 
Coleoptera  -0.3405 0.2143 -0.1771 0.5446 
Collembola -0.5103 0.0519 -0.4280 0.1270 
Diptera -0.3498 0.2012 -0.3201 0.2646 
Hemiptera  0.2713 0.3279 0.1196 0.6838 
Hymenoptera  -0.1936 0.4895 0.4437 0.1120 
Isopoda 0.3885 0.1525 0.4310 0.1240 
Total -0.3307 0.2287 0.5325 0.0500 
 
 
 
Table D-6  Correlation comparison of flying invertebrate taxa abundance with site-
specific frog densities at 15 (full) and 14 (reduced, missing high density CC) sites on the 
island of Hawaii.  Investigated orders are prominent taxa comprising >5% of 
environmental and diet samples.  Bold values indicate significant correlation (P < 0.05).  
 
Flying invertebrate density correlation FULL REDUCED 
Taxa R
2
 P-value R
2
 P-value 
Acari -0.2462 0.3765 -0.0812 0.7852 
Amphipoda - - - - 
Araneae 0.3469 0.2053 0.5432 0.0447 
Coleoptera  0.6289 0.0120 0.5536 0.0400 
Collembola -0.6296 0.0119 -0.5437 0.0445 
Diptera -0.0590 0.8346 -0.1540 0.5991 
Hemiptera  0.5113 0.0514 0.4373 0.1179 
Hymenoptera  0.4660 0.0800 0.3422 0.2311 
Isopoda 0.1929 0.4910 0.2807 0.3310 
Total 0.4468 0.0950 0.3806 0.1794 
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Table D-7  Correlation comparison of flying invertebrate feeding guild reduction 
(difference between non-coqui and coqui sites) with site-specific frog densities at 15 
(full) and 14 (reduced, missing high density CC) sites on the island of Hawaii.  
Investigated orders are prominent taxa comprising >5% of environmental and diet 
samples.  Bold value indicates significant correlation (P < 0.05). 
 
Flying feeding guild reduction 
correlation FULL REDUCED 
Feeding guild R
2
 P-value R
2
 P-value 
Fragmenter -0.5786 0.0238 -0.5033 0.0666 
Herbivore -0.1680 0.5495 -0.4378 0.1174 
Microbivore -0.3056 0.2680 -0.1452 0.6204 
Predator  0.1130 0.6886 0.3762 0.1849 
 
 
 
Table D-8  Correlation comparison of flying invertebrate feeding guild abundance with 
site-specific frog densities at 15 (full) and 14 (reduced, missing high density CC) sites on 
the island of Hawaii.  Investigated orders are prominent taxa comprising >5% of 
environmental and diet samples.  Bold values indicate significant correlation (P < 0.05). 
 
Flying feeding guild density correlation FULL REDUCED 
Feeding guild R
2
 P-value R
2
 P-value 
Fragmenter 0.1988 0.4776 0.1411 0.6304 
Herbivore 0.5487 0.0342 0.4444 0.1113 
Microbivore -0.7000 0.0037 -0.6440 0.0129 
Predator  0.5306 0.0419 0.5715 0.0328 
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Table D-9  Correlation comparison of foliage invertebrate taxa reduction (difference 
between non-coqui and coqui sites) with site-specific frog densities at 15 (full) and 14 
(reduced, missing high density CC) sites on the island of Hawaii.  Investigated orders are 
prominent taxa comprising >5% of environmental and diet samples.  Bold values indicate 
significant correlation (P < 0.05).  
 
Foliage invertebrate reduction 
correlation FULL REDUCED 
Taxa R
2
 P-value R
2
 P-value 
Acari 0.5474 0.0347 0.4427 0.1129 
Amphipoda - - - - 
Araneae 0.3090 0.2625 0.3632 0.2018 
Coleoptera  0.4910 0.0631 0.3922 0.1654 
Collembola 0.0394 0.8891 0.2053 0.4814 
Diptera -0.2876 0.2986 -0.1193 0.6847 
Hemiptera  0.5009 0.0572 0.6436 0.0130 
Hymenoptera  0.2557 0.3576 0.0759 0.7964 
Isopoda -0.0875 0.7564 -0.0543 0.8539 
Total 0.4293 0.1103 0.2974 0.3019 
 
 
 
Table D-10  Correlation comparison of foliage invertebrate taxa abundance with site-
specific frog densities at 15 (full) and 14 (reduced, missing high density CC) sites on the 
island of Hawaii.  Investigated orders are prominent taxa comprising >5% of 
environmental and diet samples.  Bold values indicate significant correlation (P < 0.05).  
 
Foliage invertebrate density correlation FULL REDUCED 
Taxa R
2
 P-value R
2
 P-value 
Acari -0.2124 0.4472 -0.4506 0.1059 
Amphipoda - - - - 
Araneae 0.2113 0.4498 0.4024 0.1537 
Coleoptera  0.5670 0.0275 0.4992 0.0692 
Collembola -0.3283 0.2323 -0.2230 0.4436 
Diptera -0.0634 0.8225 0.0683 0.8165 
Hemiptera  0.3776 0.1653 0.5345 0.0490 
Hymenoptera  0.4440 0.0974 0.3014 0.2950 
Isopoda -0.4942 0.0611 -0.4528 0.1040 
Total -0.0411 0.8842 0.2819 0.3288 
 
 
 
 
  
103 
Table D-11  Correlation comparison of foliage invertebrate feeding guild reduction 
(difference between non-coqui and coqui sites) with site-specific frog densities at 15 
(full) and 14 (reduced, missing high density CC) sites on the island of Hawaii.  
Investigated orders are prominent taxa comprising >5% of environmental and diet 
samples.  
 
Foliage feeding guild reduction 
correlation FULL REDUCED 
Feeding guild R
2
 P-value R
2
 P-value 
Fragmenter 0.2873 0.2992 0.1748 0.5501 
Herbivore -0.1263 0.6538 -0.0246 0.9334 
Microbivore 0.4486 0.0935 0.3212 0.2628 
Predator  0.4704 0.0768 0.3474 0.2237 
 
 
 
Table D-12  Correlation comparison of foliage invertebrate feeding guild abundance with 
site-specific frog densities at 15 (full) and 14 (reduced, missing high density CC) sites on 
the island of Hawaii.  Investigated orders are prominent taxa comprising >5% of 
environmental and diet samples.  Bold values indicate significant correlation (P < 0.05). 
 
Foliage feeding guild density correlation FULL REDUCED 
Feeding guild R
2
 P-value R
2
 P-value 
Fragmenter 0.4951 0.0606 0.4298 0.1251 
Herbivore 0.1381 0.6236 0.2801 0.3146 
Microbivore -0.3103 0.2603 -0.5083 0.0635 
Predator  0.6943 0.0041 0.6231 0.0173 
 
 
 
